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ABSTRACT 



A graph is an example of a symbol system which 
encodes information through the juxtaposition of marks in_a two 
dimensional plane; decoding the meaning of a graph uses specific 
attributes of the human visual system* This study was undertaken to 
identify some variables graph interpretation as a first 

step in designing better curriculum materials and methods of 
instruction. The study was developed to define and investigate the 
differences between novice and expert graph readers on the dimensions 
pi average fixation duration, percent of total viewing time^and- _ 
performance on a selection and memory task* Results- indicated that 
the experience of_the_graph reader played a major role in the 
interpretation process by signaling the need for the cognitive 
decision to increase fixation duration in important blocks of the 
graph* The mathematical graphs used in the study tended to draw 
experts 9 as well as novices 9 eyes to the important information. 
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CHAPTER I 
INTRODUCTION 

A graph Is an example of a symbol system which encodes 
Information through the Juxtaposition of marks In a two 
dimensional plane. Unlike text which uses a fixed set of symbols 
graphs employ various geometric shapes to encode meaning. 
Interpretation of a graph is a visual task. Decoding the meaning 
of a graph takes advantage of the human visual system and Its 
ability to interpret shape, size, texture, color* density* and 
spatial relationships. Working In harmony with the cognitive 
structure of the graph reader, the visual system acquires and 
transmits information to the brain and receives feedback from the 
brain to regulate the viewing process. 

The study of eye movements in interpreting graphs is a new 
area of research. Eye movement data provides direct empirical 
evidence about the cognitive process of decoding a graph. This 
research study used eye tracking equipment to gather data on the 
position and duration of eye fixations when viewing mathematical 
graphs. Findings of this study will help define Important 
variables and build an understanding of the cognitive process of 
decoding a graph. This is the first step to a more complete 
understanding of the learning and teaching process Involving 
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graphing skills; these areas have proven to be deficient in the 
past, but promise to be of ever Increasing Importance In the 
future. 

1.1 The Importance of Graphs and Graphing Ski Ms 

Graphs and graphing skills are an Important part of the 
mathematics curriculum. The National Council of Supervisors of 
Mathematics identified graphing skills as one of ten basic 
mathematical skills necessary for all students CNCSM, 1977). 
School currlculums at all levels use graphs as a vehicle for 
display and organization of data* in concept deve opment, and in 
problem solving. Computer generated graphs In the classroom are 
becoming more common as hardware and software innovations reach 
the mass market. Graphs of various types are used in most fields 
of study to help organize data and Information, and to present It 
more clearly. Graphs can be a compact, understandable, elegant 
too! for conveying the complex relationships between variables. 

1.2 the Problem 

Research has indicated that students' graphing skills are not 
developed beyond the basics of point plotting. The First, Second, 
and third National Assessments of Educational Progress (Carpenter, 
1975, 1980* 1983, NAEP, 1979> Identified students" graphing skills 
as 'superficial. 8 Students were ab'.e to read simple graphs, but 
could not perform related skills such as Interpreting, 
general Izlng, integrating, or extending the Information in the 
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graph. The Second International Mathematics Study (SIMS) 
contained 23 Items concerned with graphing and analytic geometry. 
Pretest and posttest scores for twelfth grade students enrol led in 
precal cuius courses were 34% and 43% respectively (Demana & Walts, 
1987, and Travers, 1985). Serslake (1977) found that most 13 - 15 
year olds could read graphs and plot points on a grid system, but 
were not as successful when it came to Interpolation using 
decimals, dealing with questions of slope and rate of change, or 
understanding the relationship between a graph and its equation 
(Hart, 1980). Bell and Janvier (1981) found that most instruction 
in graphing deals with point reading and some comparison of 
graphs, but does not treat the global features of graphs such as 
general shape, intervals of rise and fall, and maximum increase 
and decrease. The National Council of Teachers of Mathematics, in 
An Agenda for Action: Recomnendatlons for School Mathematics of 
the i980 / a. recommended "increased emphasis 11 on higher level 
graphing skills such as organizing and presenting data and 
graphical models In problem solving as an important goal for this 
decade (NCTM, 1980). 

the present school curriculum is not preparing students with 
the graphing skills that they will need in the future. This fact 
holds true for both those students who go on to higher education 
as well as those who go directly Into the work force. Evidence 
from the three NAEP studies and Second International Mathematics 
Study shows that schools need to do a better Job of teaching 
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graphing skills. The need for training in these skills for both 
college and non-college bound students is clear. We are In the 
midst of an information explosion. The computer age has brought 
increased demands on ail persons to absorb and understand vast 
quantities of information. Graphs and graphical display!; are the 
most efficient method of encoding large quantities of information 
in easily understood and compact ways. 

The question of "Why aren't the schools doing a better Job of 
teaching graphing .ski 1 Is?" Is legitimate. The answer is complex. 
It involves the content of the curriculum, placement of topics in 
the curriculum, methods of instruction, and teacher training. 
But, all of these concerns hinge on a more basic understanding of 
what it means to interpret a graph and understand the information 
encoded in the graph. Hbre specifically, what are some of the 
critical variables which define the process of graphical 
interpretation? Once these critical variables are defined and 
understood * better answers to the previous curriculum and teaching 
questions can be formulated. Only then can effective changes be 
implemented in the curriculum. 

1.3 Definitions 

For this discussion, graphs will be partitioned into two 
broad categories: mathematical graphs and data graphs. 
Mathematical graphs are those graphs which represent a functional 
or mathematical relationship between two or more variables. For 
example, the graph of the functional relationship "f(xJ = 2X * 3 M 



ERLC 



17 



s 

15 a mathematical graph. Data graphs are graphs which display an 
empirical data set describing one or more variables. An example 
of a data graph would be a bar graph showing the number of 
students enrolled in various classes at a school. Both types of 
graphs require that the user have a set of basic skills for the 
interpretation and decoding of the Information embedded in the 
graph. These basic skills are generally the same for both types 
of graphs. They Involve the ability to read, interpret, 
integrate, and extend the information in the graphs. 

Graphs display physical features and relationships. The 
physical features include the type of graph, scales, amount and 
placement of information, slope, general shape, rate of change, 
maximum/minimum values, color, density, background, 
dimensionality, continuity, density, and other attributes. Simcox 
(1981) refers to these attributes as component properties of the 
display. There are also holistic properties of the display which 
arise from the interaction and interrelationships between the 
component properties. Together the component and holistic 
properties make up the encoding features which graph readers use 
to represent the display mentally. 

Interpreting a graph means the cognitive decoding of the 
visual information transmitted to the brain. This Information 
comes from the physical details and interrelationships of the 
graph through interpreting, integrating, general izlng, and 
extending the information and relationships of the graph. The 
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cognitive decoding process used by an Individual to process the 
meaning Information can only be Inferred from the external 
evidence. We cannot peer into a subject's brain to examine the 
actual cognitive process employed. Several competing theories of 
cognitive processing have been proposed. These theories have been 
used to explain aspects of the decoding process. 

1.4 Graphical Interpretation Theories 

The way In which data is encoded into the graphical display 
itself is hypothesized to be closely related to the Interpretation 
of the graph. Tufte (1983) formulated a theory of data graphics 
that at tenets to organize the process of encoding data and show 
better ways to convey meaning through graphs. His theory 
addressed both the practical factors like data-ink ratios* chart 
Junk clutter, and lie-factor ratios as well as the aesthetics and 
elegance of data presentation. Cleveland and McGlll (1985) 
developed a theory of graphical perception which also dealt with 
the encoding of data In graphical displays. They have proposed a 
rank ordering of elementary graphical perception tasks which 
predict the amount 6f error in the perception of graphical 
details. pi-« -r (198D proposed a theory of graphical perception 
related to mor obal Interpretation of graphs. His hypotheses 
stated that gra^ ~an convey information effectively because 
B ...they can display global trends as geometric patterns that bur 
visual systems encode easily" (Pinker, 1983). He concluded that 
the graphical formats used and the kinds of information conveyed 
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by graphs are not equally difficult. Certain types of information 
are conveyed more efficiently in certain graphical formats 
according to natural ly perceivable visual patterns within the 
graph itself. Pin :*r-s model dealt with more general graph 
comprehension than the elementary perceptual tasks model of 
Cleveland and McGlll . 

Two foci for the interpretation of graphs have now been 
identified: the characteristics of the viewer and the display 
Itself. When interpreting a graph, these interact in many ways. 
Individual differences in background, experience, and previous 
knowledge affect the interpretation of a graph. Graphs 
representing the same data* but in slightly different versions, 
can be Interpreted in different ways by the same viewer. This 
multidimensional interaction of factors can cause problems when 
attempting to investigate causation between the physical features 
of the graph and the interpretation of a graph. Theories about 
how physical details make a graph understandable help show that 
the physical features of the graph can be controlled. The 
variable factors are the visual processing and interpretation by a 
human subject. 

1.5 Appropriateness of Studying Graphs 

While many researchers have Investigated eye movement 
patterns in the context of reading text and viewing pictures and 
natural scenes, there is no research which applies the methodology 
of eye movement research to reading mathematical graphs or data 
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graphs. Graphs have many of the same characteristics as pictures 
in that they convey meaning through the presence and juxtaposition 
of geometric elements. Graphs may be more appropriate than 
Pictures for investigating eye movement patterns since large 
amounts of relational information ♦jan be encoded with a minimum of 
actual markings. Norton and Stark's (1971) original work on the 
theory of "scahpaths" has been criticized on the grounds that the 
Pictures they used were too simple to provide an information-rich 
viewing scene. Graphs can be very information rich and yet 
involve very few symbolic elements, fufte (1983, p. 132) gives an 
example of a graph which maximized the data-ink ratio (see Figure 
i). This graph represents a scatter plot of data. The limits of 
the axes show the maximum and minimum values obtained by each 
variable. The offset portions of the axes show the quarti le 
ranges and the blank spot on each axis represents the median score 
for that variable, fen extra pieces of Information about the two 
variables In this example have been encoded by the elimination of 
ink from the graph. This is Just one example of the parsimonious 
use of markings conveying a multitude of meaning. 
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Figure 1? Scatter plot of data showing a high data- ink ratio 
(Tufte, 1983). 

Eye movement research Is an attempt to explain how meaning Is 
processed cognltlvely. If the scene which is viewed Is so simple 
that It Is devoid of most meaning, then there is little processing 
occurring as that picture is viewed. If the picture viewed is so 
information rich that It is compl Icated, then discovering viewing 
patterns may be masked by other Issues such as the subject's 
existing reference frames. If a picture conta'is many salient 
features, then the competition for attention between these 
features may also mask any viewing strategy used by the subjects. 
Viewing and interpreting mathematical graphs solves many of these 
problems. Graphs can be simple and information rich. 
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1.6 Research Technique 

Information about the specific details attended to when 
Interpreting a graph Is usually obtained secondhand. The data is 
gathered from an Interview during or after the actual act of 
viewing. Use of self-report interview data provides little or hb 
information about the exact location and duration of the viewing 
scan. Direct eye movement data on the location and duration of 
the visual fixations can help researchers understand which 
features, relationships* and viewing patterns are important for 
correct interpretation of graphs. This study was performed using 
eye tracking equipment to define precise eye position* fixation 
duration, and total viewing time for the viewed graphs. 

Eye movements are classified into two types, fixations and 
jumps, ft fixation occurs when the eye comes to rest and focuses 
on a specific location in the field of view, ft Jump is the 
movement of the eye between fixations. Eye Jumps are also called 
saccades (from the French meaning "to jerk on the reins of a 
horse 8 ). Processing of new information occurs during fixations, 
but not during jumps (Wolverton and Zola, 1983). Eye position is 
the location of the center of a fixation. The surface area of the 
fixation is approximately a circular region with a diameter 
corresponding to 2 degrees of angular rotation of the eye 
(referred to as the fovea i area) (Loftus, 1983). The surface area 
varies eccordihg to the distance from the eye to the object being 
viewed. 
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Fixation duration is the length of time between iye jumps 
(usually in milliseconds?. Another way to define fixation 
duration Is the length of time the eye remains focused on the same 
location before moving to another location. Fixation durations 
range from a minimum or 50 mil 1 1 seconds to over 2000 mi 1 1 i seconds. 
The average fixation duration wneh reading text is between 125 and 
250 milliseconds. A minimum of 100 to 125 milliseconds of 
fixation duration Is needed to view an Item and transmit that 
information to the brain (McConltle, 1983). Fixation derations In 
the range of 400 to 1000 milliseconds are considered long. 

Total viewing time can be defined In two Ways. First* it can 
be the simple total time spent viewing some passage or graph. 
Second, total viewing time can be broken down to represent the 
total viewing time spent in specific areas of the viewing field. 
For example, if the viewing field were divided into 100 equal 
square areas* then the total viewing time for each of the 100 
areas could be calculated and studied. It Is in this second sense 
that total viewing time was used in this ret ;arch study. 

In order to Identify and Investigate important variables, an 
expert versus novice study was done. Expert graph readers can and 
do us? graphs effectively. They have experience using graphs to 
organize data, develop concepts* and 3ol ve problems. They have 
successfully acquired the heeded graphing skill. Comparing 
experts to novices provides more specific information about what 
novices need to learn to become expert graph readers. This type 
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of Information is important for the educational goal of this type 
of research. 

Eye tracking data are considered reliable indicators of 

cognitive processing and are relatively free from extraneous 

influences cannon iy related to experimental conditions. Graesser 

and Clark (1985) refer to the reliability of eye movement data: 

Seme psychologists have argued that complex verbal 
protocol* are > not valid indices of comprehension. Many of 
these arguments are based on a "gut skepticism" rather than 
on data. One frequent complaint is that the act of 
articulating knowledge during comprehension interrupts or 
changes the normal course of comprehension. However, the 
same complaint could be raised about all of the simple 
response measures that researchers collect (except eye 
movement data), (p. 10) 

By controlling the graphs which are presented and the information 

given before viewing a graph, research on graphical interpretation 

using eye movement data can reveal relationships between the 

physical features viewed, the amount of time spent visually 

decoding the information in those features, and the patterns used 

In scanning the scene. This type of research was used to build 

the understanding of the basic graphical interpretation process 

needed for answering the curriculum and teaching questions. 

1.7 Research Questions 

The two specific dependent variables measured in this study 
were? subjects' average fixation duration and total viewing time in 
certain areas of mathematical graphs. In light of the previous 
research and the documented deficiencies in student performance, 
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this research study addressed these questions concerning the 
process of graphical interpretation: 

1. Is there a difference between experts and novices in the 
total amount of time spent attending to different 
specific areas of mathematical graphs? Does the time 
spent In a distinct area of a graph represent a sustained 
amount of viewing time, or Is it the collection of many 
short fixations in that area? 

2. Is there a difference between experts and novices in 
their average fixation duration in different areas of a 
graph? Does one group of subjects have longer average 
fixation durations when viewing certain areas of a graph? 

3* How does the total amount of time and the average 
fixation duration in distinct areas of the graph 
correlate between and within groups of subjects? 

4. Does the symbol system (ie. the graph Itself) draw the 
viewer to the important areas of the graph? 

i . 8 Summary 

Eye tracking research on graphical Interpretation is a new 
area of research. There were a large number of suggested 
questions about the relationship between graphical interpretation 
and several dependent variables. A pilot study was conducted to 
help establish which questions and variables would be studied 
first. The conclusion was that a study of the dichotomy between 
experts and novices would yield important information about the 
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graphing skills needed by students. The nature of the eye 
tracking equipment allows questions about fixation time and eye 
posit ion to be answered exactly. Evidence from the pilot study 
indicated that there were some basic differences between novices 
and experts in the total viewing time spent, and the average 
fixation duration in certain areas of mathematical graphs. A 
careful research study was then designed to ascertain if the 
observations made in the pilot study would maintain under tighter 
control and statistical analysis. 
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CHAPTER II 
REVIEW OF THE LITERATURE 

2.1 Introduction 

Literature germane to this study of eye movements In graph 
interpretation can be separated Into three areas: 

1. Reading research using eye movement data 

2. Research on viewing pictures and natural scenes using eye 
movement data 

3. Graphical Interpretation theories. 

To this date, there is ho research on graph Interpretation 
using eye movement equipment. Reading research using eye movement 
equipment provides a basis for comparison of the findings of this 
study on reading graphs. The research on viewing pictures and 
natural scenes provides a counterpoint to the reading research 
relevant to this research because of the nature of graphs. Graphs 
share the spatial nature of pictures. Graphs are an example of a 
symbol system using the spatial relationships of geometric shapes 
to encode meaning. But graphs also share the symbolic nature of a 
text in that meaning is encoded using symbolic features rather 
than representations of natural features. Both areas of research 
literature help explain the process of reading graphs. 
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Several graphical interpretation theories have been proposed. 
These theories speculate bh the cognitive processes involved In 
decoding i graph. Evidence to wipport these theories is not from 
eye movement data, but uses paper and pencil performance tasks. 
These theories provide some Insights Into the graph interpretation 
process. 

2.2 Reading Research 

Reading, In this discussion, is defined to be reading of text 
passages for the purpose of understanding and remembering the 
meaning encoded In the words. Research using methods of 
artificial constraints bh the eye movements sach as tachistoscopic 
presentations do hot provide information on selective reading 
patterns In a a real world" context. This research will hot be 
considered. If reading patterns are some type of reflection of 
mental processing, then realistic presentation of che stimulus Is 
essential. General izabl 1 ity of research results Is enhanced when 
the presentation of stimuli closely resembles the normal reading 
process being studied. This is true for reading graphs as well as 
text. 

Reading research concerning eye fixations Is organized around 
four factors: 

1. fixation duration 

2. fixation frequency 

3. fixation location 

4. fixation sequence 
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Fixation duration and fixation frequency are termed temporal 
factors since they Involve elapsed time factors. Fixation 
location and fixation sequence are called spatial factors since 
they refer to the position of fixations, the distance between each 
fixation, and the sequential pattern of the fixations in the 
visual field. Fixation duration and frequency are the temporal 
factors which were the subject of this research study. 

Carpenter and Just (1978) defined a relationship between 
these two time factors. Gaze duration is the total time spent 
looking at a word in a text without regard to the number of 
individual fixations, the length of a gaze duration Is found by 
summing the durations of all the fixations occurring on a given 
word. For example, if the word "horse 8 in a text passage was 
processed with three fixations of 175, 220, and 190 milliseconds, 
the gaze duration would to 585 milliseconds. 

The two dependent variables defined in this study were 
average fixation duration and percent of total time spent In a 
given area of a graph. Average fixation duration was the 
arithmetic mean of the duration of all the fixations occurring 
within a specific area. Percent of total time for a specific area 
of a graph was similar to gaze duration for a single word in a 
text passage. Percent of total time, like gaze duration, showed 
the sum of the durations of all the fixations in a specific area. 
But, the percent of total time fi^ire also gave information about 
how the fixation frequency in one area compared to all the other 
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areas of the graph by representing a percent of the grand total of 
viewing time for the entire graph. 

2.3 Eye Movement Control in Reading 

IVo differing theories concerning the control of temporal and 
spatial eye movements patterns were suggested. The "global" 
theory proposed that eye movement patterns were controlled by a 
global strategy established before reading began. Bouma and 
deVoogd (1974) proposed that eye fixation patterns were 
independent of local changes in the viewed text. They suggested 
that reading patterns employed "buffers" within memory. A buffer 
was a memory device used to store incoming information and keep it 
available for later stages of processing. The theory held that 
incoming information was accumulated and stored in buffers so that 
processing could continue after the eyes moved on to another 
fixation. The eyes would fixate at a relatively constant rate, 
say 280 milliseconds. If the amount of incoming information was 
250 milliseconds long, some of the processing of that longer 
fixation would be carried over into the next fixation. The 
processing would "catch up" on wome future fixation which took 
less that the constant 200 millisecond fixation time, for simple 
texts, this lagging and catching up process would not accumulate. 

For difficult text passages, the buffer reached its storage 
limit. The result of the full buffer was a shift to a slower 
processing rate with longer fixation durations so the system could 
complete the processing of new information before the eyes moved 
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on. Overall text difficulty level was the determining factor for 
average fixation duration. Difficulty with local areas of a text 
was not reflected in individual fixation durations. The overall 
rate remained relatively stable depending on the global difficulty 
level . 

Potter (1983) presented evidence for eight separate buffers 
operating within eye fixations, These buffers performed specific 
input, storage, and output tasks controlling factors such as 
spatial visual memory, conceptual short term memory r working 
memory, and location and timing of the next saccade (eye jump), 
incoming information within one fixation was stored ir. a buffer 
while one type of processing occurred and then transferred to 
another type of buffer for a different type of processing. This 
storage, processing, transferring sequence occurred several times 
for the information acquired during each fixation. The buffers 
permitted a •decoupling" of the eye and mind thus making the 
relationship between eye movements and mental processing less 
direct . 

The other theory about text properties in relation to eye 
fixations was called the "local control* theory. Just and 
Carpenter (1980) outlined the main elements of this theory. The 
immediacy assumption of this theory suggested that the reader 
tried to interpret the meaning of each word inroediately upon 
encountering it in the text. Interpretation of words was not 
delayed waiting for a group of words to accumulate before the 
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interpretation was doner Another important aspect of the theory 
was the eye-mind assumption. The eye-mi rid assumption stated that 
a reader continued to fixate on a word until some level of 
cognitive processing had been achieved based on some criterion. 
This continued processing was measured as the gaze duration of a 
given word. Processing of the currently fixated word did not mean 
only that word could be processed since concepts from previously 
fixated words were available for use from memory . 

Evidence for local control of eye movement patterns is 
substantial. Fixation durations were found to be effected by 
local text properties. 0' Regan (1979, 1980, & 1981) found that 
fixation durations were longer ^ shorter words, arid when 
incorrect letters were in the peripheral area on a previous 
fixation. Fixation durations were shorter when the fixation was 
at the beginning or end of a word rather than in the middle. 
Rayner (1975, 1977) found that the duration of the first fixation 
in a line of text was longer arid the last fixation in a line was 
shorter. Fixation ctorations on the areas between sentences were 
found to be shorter and fixations on low frequency words v*<;e 
found to be longer. Kliegl, Olson, arid Davidson (1983) found 
fixation durations were 1 onger on low frequency words and when 
there was only one fixation on a word. Fixation duration was 
influenced by the length and frequency of words which fell outside 
the direct fixation areas. Just and Carpenter (1980) found that 
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fixation Mirations Increase for Infrequent words and decreased for 
modified nouns whose referent was easily Inferred. 

lenhedy and Murray (1987) compared good readers to poor 
readers when reading sentences of two difficulty levels. Good 
readers controlled total reading time by increasing the total 
number of fixations and not changing their average fixation 
duration. Poor readers showed no change In the number of 
fixations for the two types of sentences, but had somewhat longer 
fixations on the more difficult sentences. Poor readers made more 
fixations than good readers when reading sentences containing 
question?, 

Shebilske and Fisher U981) found fixation durations to be 
longer in areas of the text containing more important Ideas than 
in other areas. Underwood, Hyona, and Nieml (1987) studied 
Information zones within words; they found that these important 
zones effected fixation durations. More important zones were 
fixated longer. Frequency of fixations was higher in important 
information zones within words. 

The consensus of these studies was that local properties of 
the viewed text directly influenced temporal eye movement 
patterns. Fixation durations were longer or shorter according to 
factors in the local areas of the text like word frequency, 
length, or meaning. 

The issue of global versus local control of eye movements 
created a third issue. Did evidence of local control of eye 
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movements Imply Immediate control? Immediate control of eye 
movements meant that the fixation duration and following eye jump 
were controlled by information from the current fixation and not 
from information obtained In previous fixations. Evidence of 
local control did not necessarily mean immediate control. 

Support for this view that the current fixation controlled 
eye movements came from Underwood and NcConkie (1981), Rayner 
(1975), Rayner and Pollatsek (1981), 0' Regan (1981), McConkle, 
Zola, and Wolverton (1980), and Underwood, Hyona, and Niemi 
(198?) • These researchers used various stimulus presentation 
techniques to control the amount of information presented in the 
fovea 1 and peripheral viewing regions, By control 1 ing the amount 
of information presented, conclusions about the exact time at 
which certain pieces of information were processed could be made. 
Results Indicated that the current fixation had direct effects on 
eye movement patterns. The eye guidance system was control led 
from moment to moment by properties of the text. Fixation 
Oration and frequency, and fixation location were effected by 
information from current fixations. 

The importance of the local control theory was in the 
relationship between eye fixation patterns and cognitive 
processing. If a direct link between local text difficulties and 
fixation time were established, then fixation patterns were ah 
immediate measure of cognitive processing difficulty. If the 
global theory were found more appropriate, then this eye-mind link 
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would be jess direct* Bbuma (1978), Bouma and deVoocd (1974), 
Kb I era (1976), and Shebilske (1975) supported the view that there 
was insufficient time during fixation for i (mediate control 
mechanics to operate* Buffering, transferring, and interpreting 
incoming information took up more time than the average of 200 to 
250 milliseconds per fixation. Just and Carpenter (1980) end 
McConkie (1979), on the other hand, relied oh the immediacy 
assumption to establish the validity of their theories. Moment to 
moment processing was a direct measure of cognitive process»;g. 
These issues between global, local, and immediate control of eye 
movements have yet to be resolved. 

2.4 Viewing Pictures and Natural Scenes 

Pictures and natural scenes (referred to as scenes) can be 
thought of a "natural* information as opposed to text which is 
"artificial" information. This distinction refers to the elements 
of the viewing field which carry the encoded information. Text is 
artificial in the sense that meaning is encoded using a set of 
constructed syntools placed in a pattern. Scenes are natural in 
the sense that they are made up of representations or caricatures 
of real world objects. 

The elements of a scene are not in the same predictable, 
constrained order as a text. Text is constrained by the sequence 
of letters hi words, the sequence of words in a sentence, and the 
sequence bt sentences In a paragraph. Scenes use elements which 
are of varying size, shape, position, and relationship in the 
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visual field. Scenes are constrained in the sense that certain 
relationships are expected. For example, the sky is up and the 
earth is down, or birds fly and horses walk. But, these 
constraints are nwch less rigid than those in texts. 

The same spatial and temporal characteristics of eye movement 
patterns studied in reading research are important to viewing 
scenes. Spatial characteristics of fixation location and sequence 
in scenes are viewed In a different way than in texts. In scenes, 
the location and sequence of fixations is much less constrained by 
the elements of the information array. Normal English text is 
written in a left to right pattern of lines from the top to the 
bottom of a page. Processing of text requires a general 
lef t-right-return pattern* with some variations for regressive eye 
movements. 

Scene processing does not rely on an external pattern for 
basic control of eye movements. Questions of fixation location 
and sequence become ones of predictability. Given the present 
location, what is the probability that the next fixation will be 
located in a given area? Or, is there a predictable, stable 
pattern used when viewing scenes? The control of the spatial 
patterns of viewing scenes becomes more important than for texts 
because of the lack of structure Inherent in scenes. 

Fixation sequences in viewing scenes were termed ^anpaths." 
Norton and Stark (1971) originally formulated the scanpaths theory 
postulating a repetitious, sequential, scanning pattern controlled 
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cognltlvely by a subject. Gale and Worth ington (1983) studied the 
effects of training subjects to use a scanning strategy to direct 
their scanpath when viewing chest X-rays, finding some negative 
effects of the training. Nodlne and Kundel (1987) studied viewing 
strategies when searching chest X-rays for tumors; global search 
patterns produced less effective screening than local Intense 
viewing in known target areas. Fisher* Karsh, Breltenbach, and 
Barnette (1983) Investigated scanpaths in relation to recognition 
tasks Involving the repeated viewing of Identical or similar 
Pictures, concluding that scanpaths were loosely control led by the 
pattern of Information areas In the viewing scene. Stark and 
Ellis (1981) refined the research of Norton and Stark by using 
more real istlc pictures and ambiguous figures to chart scanpaths; 
they concluded scanning patterns reflect changes In the cognitive 
states of the subject. Antes and Pent I and (1981) studied the 
effects oh scanpaths of the presence of unexpected objects in the 
viewing area. They found that within subjects there appears to be 
a pattern strategy employed when viewing low context pictures, but 
this was not found to hold between subjects. The results of the 
research on scanpaths was not unequivocal concerning either their 
existence or their importance In visual and cognitive processing. 

Another viewing pattern studied was perceptual scan, or the 
size of the useful field of view In a fixation. Studies by 
McConkie & Rayner (1975) and Rayner (1975) found that when 
processing text, the only text analyzed for semantic content was 
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In an area within +/- one degree of angular rotation from the 
center of the fixation, this is general iy given to be the size of 
the fovea! area of the eye. Other information about the text is 
obtained from the peripheral area up to about +/- four degrees of 
the current point of fixation, but this Information is about word 
length and placement, not meaning. Nelson and Loftus (1980) 
studied perceptual scan In relation to pictures. They concluded 
that when viewing pictures, the eye acquired useful, substantive 
Information from an area of +/- two degrees of angular rotation. 

Loftus (1972, 1981) studied fixation duration in relation to 
viewing pictures. Originally he hypothesized that memory 
performance increased when a large number of short fixations were 
made on a scene. Later research under tighter experimental 
control revealed that fixation duration was critical to 
performance on a memory task. As fixation duration increased, so 
did performance on the memory task. 

Loftus and Mackworth (1978), Goodman and Loft us (1981), and 
Loftus (1981) studied the effect of important Information areas In 
a scene. These were areas which contained Information which 
differentiated the viewed scene from others of the same type, or 
Information which was unexpected or informative. The conclusion 
was that these important areas were fixated earlier, more often, 
and with longer fixation durations. 

Locher and Nodlne (1987) studied the effect of symmetry in 
viewing abstract art. They differentiated between survey 
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fixations (lengths of 100-300 ml 1 j 1 seconds) and examination 
fixations (length greater than 400 milliseconds). They found 65% 
of fixations wer~ of the survey type, while only 18% were 
examination fixations. When single or double symmetry was present 
In a complex display, the axes of symmetry attracted the eye such 
that fixations were concentrated along the axes of symmetry during 
an exploratory viewing. However, the number of survey and 
examination fixations were not influenced by the presence or 
absence of symmetry. 

Molnar and Ratslkas (1987) studied the effect of aesthetic 
motivation on viewing patterns. They told one group of subjects 
that questions about the content of art works Would be asked after 
viewing. The other group of subjects was told they would be asked 
questions about aesthetics of the art works viewed. Average 
fixation durations were significantly higher for the aesthetic 
group. There was no difference between the groups for the spatial 
Issue of saccade length. 

Viewing scenes and reading texts have Important similarities 
and differences. Fixation sequences are more predictable when 
reading texts s but the presence of important or unexpected 
information In a scene greatly increases the predictability of 
fixation sequences, the effective perceptual span of a fixation 
is about twice as wide for scenes as for test (+/- four degrees 
versus +/- two degrees). Fixation duration In viewing scenes Is 
related to the characteristics of the elements viewed and longer 
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fixations are associated with concentrated inspection of important 
or unexpected elements of the scene, as with text reading. 
Symmetry and aesthetic properties do no* refer to text, but have 
effects on eye movement patterns when viewing scenes. 

2.5 Graphical Interpretation Theories 

Graphical interpretation theories attempt to explain the 
cognitive process of decoding information from a graph. More 
specifically, these theories attempt to explain how the human 
visual system is able to perceive the symbolic elements of a graph 
and their interrelationships and how the brain translates this 
information into a meaningful structure. The basis of these 
theories is visual Information processing theory. 

2.6 Visual Information Processing 

Visual information processing theory (Gaarder, 1975) Uses the 
concept of biofeedback to explain hoy the brain mediates the 
process of visual perception. This feedback model holds that 
there is an interconnection between the eye and the brain which 
controls what information is transmitted to the brain for 
processing. The eye is not just a receptor, like a camera, which 
simply records any and all information it receives. Feedback, 
prompted by individual bits of information to the brain, is sent 
to the eye to regulate the next bit of information to be sent. 
The amount of information received by the eye is much more than 
the amount sent on to the brain. The feedback process acts like a 
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filter selecting only some information for transmission to the 
brain (see Figure 2.) 

Information " i " Information "i" 

received by the eye sent to the brain 




Information reaching the brain Is first screened for visual 
patterns of lines, colors, textures, or large continuous areas. 
This pre-processing produces a "visual sketch" (Kosslyn, 1985). 
the first phase of processing Involves discrimination of large or 
obvious differences in the visual information. dulesz (1981) 
refers to this as a preattentive visual process which 
instantaneously perceives elements of the Visual field with little 
mental effort, these discriminations are organized into 
perceptual units which are then processed in the next phase. For 
example, four equal lines that enclose an area are seen as a 
square instead of separate lines. 
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These perceptual units are then stored in short-term, or 
working memory. At this stage, information critical for correct 
interpretation of the perceptual units is accessed from long-term 
memory. General background knowledge and specific knowledge is 
associated with the perceptual units. If no mental frame of 
reference for the perceptual unit exists, then a conscious 
reorganization of the viewed pattern in short term memory leads to 
a hew attempt to interpret the pattern using stored information 
(Kosslyn and Pinker, 1983). Only when the proper Information is 
referenced from long-term memory is the interpretation process 
completed. 

The "frames - theory of cognitive behavior helps explain the 
mental processing Involved In acquiring meaning from the 
perceptual units. The cognitive theory of frames, as originally 
proposed by Mlnsky (1975) and refined by Davis (1980), provides a 
mental structure which helps explain cognitive decoding of 
incoming information, ft mental frame is defined to be "...a 
specific information-representation structure that a person can 
build up in his or her memory and can subsequently retrieve from 
memory when it is needed' (Davis, 198S, p. 170). Frames serve as 
assimilation schemas for organizing incoming Information. If the 
incoming information is not complete, a frame is able to provide 
default values for critical areas so that the frame may be used 
effectively. Frames are persistent over time allowing the 



43 



31 

individual to operate in the sane pattern regardless of the 
incoming information; 

2.7 Graphical Perception Tasks 

Cleveland and McGi 1 1 (1985) proposed & theory of graphical 
perception to explain how quantitative information was extracted 
from data graphs. Graphical perception was broken down into 
separate elementary decoding tasks. Visual decoding for these 
tasks was defined as "...the instantaneous perception of the 
visual field that comes without apparent mental effort 1 ' (Cleveland 
and McGi 1 1 , 1985). This instantaneous perception was what Julesz 
(1981) called preattentlve vision. 

Cognitive decoding of graphs was separate from graphical 
perception. Cognitive decoding of information in a graph, such as 
scale or slope, was similar to decoding of other types of 
quantitative information such as a table of numbers. The power of 
graphs came from the ability of the preattentlve visual system to 
recognize geometric shape? and patterns and Judge size 
relationships. 

Ten elementary perceptual tasks were Identified and ordered 
relative to the ease ef decoding. The higher an elementary 
perceptual task ranked oh the list, the less the expected error 
when that perceptual task was the main discriminatory factor in 
interpreting a data graph. (The tasks and their ordering is shown 
in Figure 3.) 
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Rank Aspect Judgei 



1 Position along a cannon scale 

2 Position on identical but nonal igned scales 

3 Length 

4 Angle, Slope 

5 Area 

6 Volume, Density, Color saturation 
f Color hue 



Figure 3> Rank ordering of graph interpretation tasks 
(Cleveland and McGl 1 1 , 1985) 



Cartesian graphs were understandable because visual 
information Is decoded by perceiving position along a common 
scale, this decoding by cannon scale occurred for both the 
horizontal and vertical axes. But the real power of a cartesian 
graph came from the ability to perceive the horizontal and 
vertical values simultaneously and not separately. The 
relationship of points (Xp yp and (Xj, yj) in *he cartesian 
plane was the Slope of the line segment joining the two points. 
The visual system etslly detected the slope relationship in a 
graph by imagining a smooth curve through the points (Cleveland 
and McGi 1 1 , 1984). 

For example, Figure 4 contains a cartesian graph of data 
points. Slope judgements between individual points and for 
multiple points can be made. Slope between the points A and B is 
Judged to be less than one, while slope between points C and D is 
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much greater than one. General si ope Judgements indicate that the 
slop* greater on the left side of the graph than on the right. 
The eye-mind system judges the relationship in the graph to be 
non-1 inear . 



8 
6 



B 



D 



4 



2 -- 



Figure 4; A cartesian graph of data points. 



Compare Figure A with the bar graph in Figure 5. The 
information in both graphs is the same, except the Slope 
information has been removed from the graph In Figure 5. fhe x 
and y values can still be Judged by position along a common scale. 
Slope determination for pairs of individual points and for overall 
trends can not be perceived as easily, if at all. 
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xy xy xy xy xy xy xy xy *y xy xy xy xy xy xy 



Figure 5* A bar graph 62 the same paired x and y values expressed 
In Figure 4. 

This theory of graphical perception was developed using paper 
and pencil performance tasks. No eye movement data were collected 
to substantiate the claims of the theory, yet statements about eye 
movement patterns are made In relation to decoding of the 
elementary graphical perception tasks. Referring to an example of 
a cartesian data graph showing the divorce rate over the last 50 
years, Cleveland stated: 
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Once the variables being graphed are understood, we can 
extract quantitative ihformat ion*. at a very elementary 
mental-visual level. We derive this information by scanning 
the plotting symbols, the connecting lines, and the scale 
Unes, and without consciously looking at the tick mark 
labels (Cleveland, 1985, p. 230). 

Direct evidence on eye movement patterns in relation to these 

elementary graphical perception tasks would help researchers 

understand each of the tasks and the interrelationships between 

them during graphical decoding* 

2.8 Graph Comprehension 

Pinker (1981) proposed a theory of graph comprehension which 
was broader in scope than Cleveland And McGll l's theory. Pinker's 
theory addressed cognitive graph comprehension rather than Just 
preattentive visual processing. The theory made three claims. 
First, a large number of two-dimensional shape attributes were 
easily and quickly identified by the human visual system. These 
attributes included length, shape, orientation, height, 
andothness, continuity, curvature, parallelism, density, and 
others. Second, various aspects of data sets were translated into 
different visual patterns. For example, some data sets translated 
as parallel lines, sane as intersecting lines. Third, experienced 
graphs readers knew the relationship between quantitative trends 
and visual patterns for different types of graphs. When decoding a 
graph, experienced graph readers looked for higher order visual 
patterns such as overal I shape or trend without having to refer to 
individual points to compare them one by one. 
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Predictions of the degree of difficulty a graph reader had 

when attempting to decode certain types of Information from 

certain types of graphs was summarized In one statement: 

The ease of reading a certain type of information from a 
certain graph format will depend on the extent to which that 
graph format translates that trend into a single visual 
pattern that the visual system can automatically extract, and 
on the extent to which the reader knows that the 
correspondence in that format between the quantitative trend 
and the visusi pattern holds (Pinker, 1983, p. 5). 

The power of a graph to transmit information was not uniform 

across the types of data presented and questions to be answered. 

One type of graph could be good or poor at answering questions 

because of the way geometric patterns were encodeci In the graph 

and the experience of the graph reader. 

Pinker (1983) conducted three experiments to test this 

theory. Results indicated that the length of elements in the 
graph was easier to decode than angle relationships when reading 

individual values of the graph. But, when dealing with global 
trends, angle relationships between the elements were easier to 
decode than length of elements. Subjects were able to translate 
visual patterns of the graphs directly to global trends without 
looking at individual points when they were familiar with the type 
of graph being viewed. Even when not given explicit instructions 
about the trend-shape correspondence in a graph, subjects were 
able to interpret trends effectively when the encoding variable 
(le. length or angle) was easy to decode . Graphs were easy or 



49 



37 

difficult to decode depending on the type of information to be 
extracted and the naturally perceivable visual patterns. 

Pinker used paper and pencil performance tasks to gather data 
In his experiments. No eye movement data were gathered to 
substantiate his findings on why different types of graphs were 
easy or difficult to decode. The question of whether subjects 
really translated visual patterns directly to global trends 
without looking at individual points of the graph could have been 
answered using eye movement data. 

2.9 "How To" Literature 

Tufte's (1983) book is an example of a "how to" treatment of 
graphical interpretation. Several works of this nature (Chambers, 
Cleveland, Klelmer and Tukey, 1983; Cleveland, 1985; Fisher, 1982; 
Schmidt, 1983) are available. They treat the topics of 
statistical data graphs and maps, their purpose Is to establish 
principles of the effective construction and use of data graphs 
and charts. 

2.10 Summary 

Research using eye movement data oh reading text and viewing 
pictures and natural scenes demonstrates the importance of 
variables such as fixation duration, fixation frequency, and 
fixation location. Texts and scenes are not processed in the same 
manner. The nature of graphs is a combination of the nature of 



50 



38 

texts and scenes. How these important variables effect graph 
reading and comprehension is not known. 

Graph interpretation theories provide insights into the power 
of the graphical symbol system to convey meaning. Identification 
of the elements of graphical perception allows investigation of 
the effects of each individual element In the overall process of 
graph reading. Knowing what makes a graph easy or difficult to 
understand can clarify how Information is pr^c^sed cognitive!?. 
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CHAPTER III 
METHODS AND PROCEDURES 

3.1 Introduction 

The research study described in this chapter took place 
during Autumn Quarter 1986 and Winter Quarter , 1987 at The Ohio 
State University, Columbus, Ohio. The purpose of this research 
study was to define and Investigate the differences between novice 
and expert graph readers on the dimensions of average fixation 
duration, percent of total viewing time, and performance on a 
selection and memory task. A further consideration Is to relate 
the findings on viewing time factors to the design of hew and more 
effective graphing skills curriculum for middle and high schools. 
This chapter contains a description of the equipment, populations, 
procedures, the instrument, the analysis techniques* the 
limitations of the study* and the statistical analyses used. 

3.2 Equipment Used in the Study 

Data ou eye fixation location and duration were gathered 
using a MlcroMeasurements System 129B Eye Hon I tor. This 
instrument uses an RCA TC251 1/U infrared sensitive television 
camera to track the pupil of a viewer's eye. the system has a 
range of +/- 20 degrees with a sampling fate of 60 Hz. An IBM 
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PC/XT micro computer with an IBM Data Acquisition and Control 
board was used to present graphical displays, collect and organize 
the data, and display It in several appropriate formats. 

The IBM Data Acquisition and Control board is a 
digital/analog conversion device Installed In the IBM micro 
computer. This device allowed the collection or transmission of 
analog (continuous) or digital (discrete) data and the conversion 
Of data from brie form to the other. Operation of the Data 
Acquisition and Control board is through machine language 
subroutines accessed from the operating programs. Data is fed 
into the IBM computer from the eye tracking instrument through the 
Data Acquisition and Control board and stored in a numerical array 
within the operating program. 

3.3 Definitions 

Digital data coming from the eye tracking Instrument Is in 
the form of a 16 bit binary number which Is updated 60 times a 
second. The upper 8 bits represent the vertical position of the 
eye, and the lower 8 bits represent the horizontal position. A 
single data point Is one 16 bit binary number. Each single data 
point is made up of a location In the viewing field and a set 
duration of i/60 th of a second. The location of a data point Is 
given as a set of coordinates In the cartesian plane with the 
origin (point (0,0)> in the middle of the viewing field. When the 
eye Is looking to the upper right of the field, both coordinates 
of each data point are positive. When looking to the lower right, 
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the coordinates of each data point have a positive horizontal 
value and a negative vertical value. The viewing field is 
organized in exactly the same manner as mathematical graphs in a 
four quadrant cartesian plane. 

Fixation duration is the length of time the eye fixates on a 
specific location in the viewing field. Duration of a fixation is 
calculated by multiplying the number of single data points at a 
specific location by 1/60. For example, is a single fixation was 
made up of 25 single data points, then the fixation duration would 
be .417 seconds or 417 milliseconds. 

A minimus fixation is defined to be a fixation in one 
location for at least 50 milliseconds (.05 seconds). At the rate 
of 60 data points per second, 3 data points represent exactly 50 
milliseconds, the length of a minimum fixation, in order to 
constitute a minimum fixation, the horizontal and vertical 
position of the eye must be the same for three successive data 
points. This sampling rate is three times faster than a minimum 
fixation, arid Is sensitive enough to differentiate accurately 
between actual fixations and data gathered during eye jumps. 

the neighborhood of a fixation is ah area within +/- 2 
measurement units in the horizontal arid vertical direction of a 
specific location. For example, if the location of a fixation 
registered as <-15, +12) then the neighborhood of that fixation 
would be between -17 and -13 in the horizontal direction and 
between +10 arid +14 in the vertical direction. Because of the 



54 



42 

presence of microscopic eye tremors and the sensitivity of the 
MicroMeasurements 1290 machine, the location of a fixation may not 
register exactly the same x-y coordinate reference throughout the 
entire fixation. Establishing a neighborhood of proximity around 
a fixation allows the correct measurement of the duration and 
location Of the fixation. 

The process of calculating the duration of the fixation has 
several steps. After the beginning of a fixation is established 
by the minimum fixation definition of three data points, each 
successive data point is examined to see If it falls within the 
defined neighborhood of the established minimum fixation. Data 
points that are In the defined neighborhood are added to the 
current fixation. The end of the current fixation Is signaled 
when a single data point falls the neighborhood test of +/- 2 
measurement units. Once a fixation is terminated, its length in 
seconds Is determined by the number of data points in the 
neighborhood multiplied by 1/60, the length in seconds of one data 
point. The location of the fixation Is taken to be the average of 
the coordinate values of the points in the fixation for both the 
horizontal and vertical directions. 

ft sustained fixation is a fixation Of 50 msec, or more within 
a def 1 ned neighborhood of the fixation wi thout moving out of that 
neighborhood. Movement out of a neighborhood and then back into 
the same neighborhood is defined to be two separate fixations in 
that neighborhood. Data smoothing involves combining all data 
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points which occur In a given neighborhood of a fixation Into one 
fixation with a duration and a location. 

3.4 Populations 

Two populations were operationally defined for the purposes 
of the study. The "expert" population was defined to be graduate 
students and professors in mathematics and mathematics education 
currently enrolled or employed at The Ohio State University. The 
underlying qualification for a subject's inclusion In the expert 
group was the amount of experience he/she had In reading, 
constructing, and Interpreting mathematical line graphs. * 
significant part of this experience with mathematical graphs comes 
from the process of learning calculus and other higher level 
mathematical subjects. It is In these courses that graphs are 
used to display relationships, develop concepts, and solve 
problems. 

the "novice" population was defined to be students who placed 
in level 4 or 5 on the QSU Mathematics Placement test and who were 
currently enrolled in Math 050 or Math 075 at the Ohio State 
University, the OSU Mathematics Placement Test is the test given 
to all entering students to determine their appropriate placement 
level in the mathematics course sequence, ft placement In lev 4 
or 5 on this test means that these students are considered 
"remedial" and must take non-credit courses to make up their 
deficiencies before credit courses in mathematics can be taken. 
Math 050 and Math 075 are the two non-credit remedial courses 
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given at The Ohio State University. They consist of a review of 
high school algebra* 

The two populations chosen were both fro© groups at The Ohio 
State University for two reasons. First, the availability of 
qualified subjects is much greater in the university community. 
Subjects considered expert in reading and using mathematical 
graphs would be difficult to identify in a general population. 
The availability of novice subjects at Ohio State is also great 
because of the large number of students who qualify for remedial 
mathematics. 

The other reason for the selection of the groups of subjects 
from the University community had to do with age and development. 
No matter how the novice population was defined, the expert 
population had to be defined much as it was. Choosing a group of 
novice subjects who where In middle school , oh the other hand, 
would have introduced unavoidable developmental differences 
between the two groups studied. In an effort to reduce the error 
and more carefully measure the actual graphical processing 
differences between experts and novices, the two groups needed to 
be closer in age, 

Curing the pilot study, an expert/novice dichotomy was 
studied. In that study, experts were from the same population as 
defined for this study. The novice group in the pilot study was 
selected from graduate students at the University who were 
classified a9 nonmathematical because of their background and 
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training, the varied backgrounds of this novice group actually 
caused sane concern because of the wide differences from subject 
to subject. There was little or no control over whether these 
subjects really had much experience with using mathematical 
graphs. It was decided that the novice group for the larger 
research study should come from a more homogeneous population. 
Hence, the novk.s were defined as stated above. 

Novice subjects were chosen on a volunteer basis from random 
Hath 050 and Hath 075 classes at the University. Expert subjects 
were also volunteers, but from a much mailer base population than 
the novice group. Expert subjects Included in this study did not 
participate In the pilot study. The original research plan was 
for 25 subjects in each group. Hew subjects were added to each 
group until 25 valid data sets for each group were collected. In 
all, data was collected from 28 novice subjects and 27 expert 
subjects. Three novices and two experts were eliminated from the 
study because of collection problems with the IBM computer and 
problems with certain properties of eyes. Early in the data 
collection process, three subjects were lost from the study 
because of disk errors in saving data. One subject was eliminated 
because she was wearing dark eye liner and the eye tracking 
equipment would hot track her pupil. Another subject's data was 
invalid because he did not open his eyes far enough for the eye 
tracker to get a good view of the pupil. The total number of 
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subjects whose data was subjected to analysis was 50, 25 experts 
and 25 novices. 

3.5 Instrumentation 

Subjects in the study viewed six mathematical graphs. All 
graphs were similar enough so that they contained the same 
physical features, the graphs were of continuous polynomial 
functions having features such as maximum and minimum values, axis 
intercepts, and smooth, continuous shape. The graphs represented 
quadratic and cubic polynomial functions in a four quadrant plane 
(see Appendix A, Figures 14 through 195. During the presentation 
to the subjects, the graphs were generated on an IBM PC computer 
in high resolution graphics mode (640 x 200 resolution). Each of 
the graphs was plotted on axes that were scaled identically. 

the performance task consisted of a mti of I've multiple 
choice distractors for each of the six graphs (sec Appendix A, 
Figures 20 through 25). the distractors were created to be 
similar in shape to the actual graph, but differing in important 
aspects such as intercept values, maximum and minimum points, or 
spread of the function. Sorting for the correct distractor 
depended on the subject remembering Important numerical 
information about the viewed graph. The distractors for each 
graph were presented on one sheet of paper and were large enough 
so that information about the viewed graph could be written 
directly on the chosen distractor. 
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3.6 Procedures of the Study 

Eye tracking data were collected on an individual basis with 
one member of the population being observed at a time. The order 
in which the subjects were tested was hot Important since the data 
collection was on an individual basis. Data were gathered on 
fixation duration and the horizontal and vertical position of the 
eye In the visual display. Raw data were stored directly on 
magnetic computer disks and could be repeatedly analyzed In 
exactly the same configuration as when the original tests were 
performed. 

the data collection procedure consisted of 8 trials with the 
first and last trial being a scaling routine for calibrating the 
eye tracking machine to the IBM computer. The scaling routine 
consisted of reading an array of digits (1 to 9) in a three rows 
by three columns pattern (see Appendix A, Figure 26). Because of 
Individual physiological differences in the eye, each subject had 
a different scale. Two scaling trials were done for more correct 
calculation of the scale for each subject. 

Each of the six graph reading trials was a unit In that a 
graph was read and the accompanying task was performed before 
another graph and task were presented. An effort was mad? to 
minimize confusion factors from one graph to the next by making 
each trial separate. Data storage time allowed subjects time 
between trials to relax and prepare for the next trial . 
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The second trial In the data collection procedure was a 
practice session using graph #1 (see Appendix A, Figure 14). All 
subjects used the same practice graph. All procedures were the 
same during the practice graph reading as during the actual 
treatment except no data were stored on disk from the practice 
graph. Subjects were aware that the first graph reading was a 
practice session. Subjects were able to get a feel for the 
viewing and performance tasks by doing this practice graph. After 
the practice taskj subjects were asked if there were any questions 
or concerns about what they were expected to do. Of all the 
subjects tested, only two had any questions after the practice 
session. 

The other five graph reading trials were for data collection. 
The five graphs presented in these five trials were the same for 
each subject. The order of presentation of the five graphs was 
rotated. Every Sixth Subject viewed the graphs in the same order. 
This helped spread the training effect during the data collection 
sessions evenly across all the trials. 

Subjects were given general Instructions before the viewing 
Sessions began. The Instructions included information about the 
order of the trials in the sequence and the nature and purpose of 
the scaling trials, they were told that they would have a 
practice trial where ho data would be collected. They were not 
given information about the specific mathematical functions 
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represented or other clues about the graphs except that the graphs 
were mathematical graphs. 

Instructions about the performance task were general In 
nature. Subjects were shown the set of distractors for the 
practice graph as an example of what the task work sheets looked 
like, they were told to find among the five choices the graph 
they had Just viewed and to write down important Information about 
that graph on the chosen dlstractor. Subjects were told that they 
could write down any information they thought was Important 
including numbers, words, descriptions, or other things they 
chose. Subjects were hot Instructed to include any specific 
pieces of information and the words "intercept," "scale," 
"maximum," and "minimum" were not use In the Instructions. When 
doing the performance task, subjects were al lowed as much time as 
they wished. 

Graphs were viewed for up to one minute each. Subjects were 
Instructed to view each graph for as long as they wished up to the 
one minute limit. They were told that speed was not a factor In 
their performance. Each viewing session begin with a signal froth 
the operator to begin reading the graph. Subjects immediately 
moved a switch to activate the presentation monitor and the graph 
appeared. When the subject chose to end the viewing, he/she moved 
a switch to turn off the monitor showing the graph . The elapsed 
time for reading the graph was recorded using a stopwatch. (If 
the one minute viewing limit was reached, the graph disappeared 
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from the monitor. 5 Immediately after turning off the monitor, the 
subjects were given the performance task. Subjects were allowed 
to remove their heads from the head rest and fill out the 
performance task work sheet. 

3.7 Analysis Techniques 

Analysis of the eye scanning data on average fixation 
duration and percent of total viewing time was done by 
superimposing a square grid system over each graph. The graphs 
were blocked with a grid of .833 inch squares which represents 
half the unit length for the chosen scale of the graphs. The grid 
was positioned lh such a manner th*.t the origin of the coordinate 
system is in the center of a grid square (see Figure 6). There 
were 9 rows and 11 columns making 99 separate areas or blocks in 
each graph. The blocks were all of equal area, so the probability 
cf a random fixation in any one square was equal to approximately 
of i%. Specific features of the graphs, such as scale values 
or r?ia Intercepts, were blocked in the viewing area. Measurement 
of thr; two dependent variables was per block. This means for 
' xampl*. that when an average fixation duration was repo"ted, it 
vac the average fixation for those fixations which occurred within 
the limits of a particular block. When the percent of total time 
was calculated, it was the percent of the total time that was 
spent in the different Mocks of the graphs. 
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Figure 6? Grid analysis system superimposed over graph #4. 

This blocking technique allowed selection of specific regions 
lot the information contained within them. For example, blocks 
cot : tiinlng axes intercepts were isolated for investigation, in 
the S t* way that a linguist or reading researcher identifies key 
function words or parts of speech within a text passage, blocking 
a graph *' lowed identification of places in the viewing area that 
contained important information for the correct interpretation of 
a graph. The determination of the importance of certain pieces of 
information in the graph is well-established by the function of 
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these pieces of information in the graph and by mathematical 
convention. 

Blocks of the graphs were labeled in numerical order starting 
from the upper left corner from 1 and proceeding to the right to 
11. The second row contained blocks number 12 through 22, and so 
oh. The numbering scheme was for differentiation, not to indicate 
any ranking of » - : •*«•. 

Total v2o n a given block was the sum of all 

fixations w Viewing time for each graph read was 

different for ear. uoject. stal viewing time in a grid area was 
hot reported in seconds, but as a percent of the total elapsed 
time, Each individual graph reader spent varying elapsed time 
viewing each graph because of individual differences. For an 
effective comparison, the elapsed time factor was equalized across 
subjects by using the percent of elapsed time data. 

Baps showing the dependent variables for each block of each 
graph were created for each subject. The individual subject maps 
were the basis of comparison for the expert and novice groups of 
subjects. For the five graphs in the study, there were two maps 
for each of the 50 subjects for a total of 500 maps. For each 
subject, one map showed the percent viewing time and another 
showed the average fixation duration over each block in the graph, 
(see Appendix h. Figures 27 and 28). 

Data from the performance task was in the form of a score 
between 0 and 12 on each of five graphs, or a score between 0 and 
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60 for the aggregate of the five graphs. Points cn the 
performance task were awarded on the basis of the subjects' 
choices of graphs from the sets of dlstractors and the accuracy of 
the additional Information they provided. If a subject did not 
choose the correct distract or for the viewed graph, no points were 
awarded even If the additional numerical information provided was 
correct. For each graph, two points were awarded for each of the 
following categories: 

1. correct graph 

2. x intercepts 

3. y Intercepts 

4. correct scale in the horizontal and vertical 
direction 

5. relative or absolute maximum values 

6. relative or absolute minimum values 

3.8 Statistical Design 

The statistical design of the study was a multivariate 
factorial design comparing experts to novices across selected 
blocks of the five graphs. Blocks of a graph selected for 
analysis were determined by their content. Three categories of 
blocks were established before analysis began. They are: 

1. important blocks 

2. less important blocks 

3. unimportant blocks 
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Important blocks are defined to be those blocks of a graph 
which contain essential information concerning the correct 
Interpretation of the graph. These essential pieces of 
Information Include the origin (point (6,0), x~axls intercepts, 
y-axls Intercepts, relative maximum values, relative minimum 
values, and scale values directly related to maximum and minimum 
values. 

Less important blocks are defined to be those blocks of a 
graph which contain pieces of information about the graph other 
than the Important blocks. These less important pieces of 
information include general scale values, shape of the curve, and 
labels. 

Unimportant blocks are defined to be those blocks of a graph 
containing no information about the graph or blocks where both 
groups of subjects spent less than or equal to 1% of their total 
time, the 1% level represents what might be expected for a 
completely random distribution of fixations on the 99 blocks. A 
majority of the 99 blocks of each graph fall Into this category. 

Analysis of the eye tracking data was done using Multivariate 
Analysis of Variance (MANOVA) from the SPSS-X statistical analysis 
computer program. Important blocks of a graph were Identified. 
These blocks were then analyzed for differences between experts 
and novices for the percent of total time and average fixation 
duration variables. The same procedure was fol lowed for less 
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important blocks of the graph. These procedures were repeated for 
each of the five graphs in the study. 

Further statistical analysis of the eye tracking data was 
done using two different correlation coefficients. The magnitudes 
of the cell means for the two dependent variables over each group 
were ranked. Spearman Rank Correlation Coefficients were 
calculated for comparisons between and within experts and novices 
for the two dependent variable. Pearson Product-Moment 
Correlation Coefficients were calculated for the same comparisons 
using the eel 1 means. 

Statistical analysis of the data from the performance task 
was a t-test of the difference between the two group means. 

3.9 Limitations 

There are two important limitations of this study which must 
be addressed. Che concerns the statistical analysis and the other 
the task performed by the subjects in the study . 

Data col lection using eye tracking equipment is time 
consuming and expensl ve because it is done on an individual basis. 
Also, the quantity of data from one subject for one graph is 
large. One minute of data constitutes 3600 pairs of data values. 
Each subject had up to 5 minutes of data. As a result, the size 
of the sample is relatively small. This means that wfien using the 
MANQVA statistical procedure, care must be taken to limit the 
number of variables introduced into «he matrix at one time. 
Entering al 1 99 blocks of a graph Into the analysis at one time 
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would cause erroneous results In the analysis. Hence, the number 
of blocks entered Into the analysis at any one time must be 
limited to less than 12, with a better value being 7 or 8. 

The task of choosing the graph Just viewed and entering values 
for specific points from memory had some limitation". The tasc 
was a memory task. More importantly, the task was Intended to 
focus the subjects' attention on what they considered to be the 
most important aspects of the graphs. Asking one or more specific 
questions about one graph would have biased the subjects' focus on 
the following graph. For example, if subjects were asked to 
identify the y-intercept after viewing the first graph, then ti.ey 
would probably attend to the y-intercept first or more often on 
the second graph. On the other hand, tod general a task would not 
have focused the subjects' attention in any manner. To say "Just 
look at these graphs* was a non-task. This study's purpose was to 
identify important variables related to graph interpretation. 
This performance task made subjects focus on what they considered 
important when reading a mathematical graph. Evidence from a 
Pilot study supported this belief. 



er|c 69 



CHAPTER IV 
STATISTICAL ANALYSIS 

4.1 Introduction 

Statistical analysis of the eye tracking data from the five 
graphs usees in thlt study was separated into two general 
categories: J ) important blocks of the graphs, and 2) less 
import**, blocks of the graphs. Important blocks were the areas 
of the graphs which contained important information for 
inte '{'retatlon of the graph. The less important blocks were the 
areas of the graphs which contained information which was not as 
critical as the important blocks for the interpretation. The 
two-way factorial design of the study produced two main effect 
terms and one interaction term between the main effects. The two 
main effects were labeled "block" and "training." The "block" 
independent variable referred to the areas or blocks of the graphs 
used as the units of analysis. The "training" independent 
variable referred to the expert versus novice levels of training. 

The two dependent variables defined in the study were: 1) the 
percent of total time spent within blocks of the graphs, and 2) 
the average fixation duration within blocks of the graphs. 
Multivariate ant lysis of variance (MANOVA) was the statistical 
procedure used to test for differences between the groups of 
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subjects. The MANOVA procedure produced univariate results to 
test the two dependent variables separately within the two main 
effects. 

The main purpose z\ this study was to explore the difference 
betweeh experts and Hvic»« when viewing mathematical graphs, 
the statistical analysis, the "training* independent varlaw . 
defined this difference. Since there were only two levels of 
training, post hoc analyses procedures were not heed' j to 
delineate significant differences between the levels of training. 
In all cases where significant differences were found, the experts 
had higher mean values than the novices. 

The main effect for block did not test for differences 
between exp::: ts and novices. The block main effect pooled all 
subjects into one group and tested for differences between blocks 
for the two dependent variables. For example, significant main 
effects for block Indicated that when different blocks of a graph 
were viewed, subjects (as one group) har significant differences 
from block to block for the two dependent variables. 

Univariate significance for the two dependent variables under 
the block main effect had a similar interpretation. For example, 
if significant differences were indicated for average fixation 
duration under the main effect for block, then the conclusion was 
that subjects as a group had different average fixation durations 
when looking at different blocks of a graph. 
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Results of the main effect for block did not produce 
Important Information about the differences between experts and 
novices. Information from the analysis of this main effect gave 
Insight Into the graphical symbol system Itself. The lack of 
significant Interaction between training and block was Indicative 
of the parallel ism in the data across blocks of the graph. This 
parallelism also gave insight Into the power of the symbol system. 
The Implications about the symbol system will be discussed in the 
next chapter. 

Information about the differences between experts avd novices 
In how they attended to the bloeks of the graphs was obtains 
through two correlations of the of cell means. One procedure was 
nbhparametric (Spearman Rank Correlation) and one was parametric 
(Pearson Correlation). These procedures compared experts to 
novices for each of the two dependent variables, nd compared each 
group of subjects to Itself for the two dependent tables. 

4.2 Research Hypotheses 

To find If experts differed from novices for the two time 
related dependent variables, the following null hypotheses were 
proposed. Null hypotheses Ho^ and Ho 2 refer to the important 
blocks of the five graphs and hull hypotheses Ho 3 and Ho 4 refer to 
the less Important blocks of the graphs. 

Hbj: there? Is no significant difference between experts and 
novices In the percent of total time spent looking at 
blocks of a graph which contain Important information. 
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Ho 2 : There Is no significant difference between experts and 
novices in their average fixation duration when looking 
at blocks of a graph which contain important 
Information. 

Ho 3 : There is no significant difference between experts and 
novices in the percent of total time spent looking at 
blocks of a graph which contain less important 
Information. 

Ho 4 : There is no significant difference between experts and 
novices in their average fixation duration when looking 
at blocks of a grat-h which contain jess important 
Information. 

Ho 5 : There is no difference between Important and less 

Important blocks In the correlation between and within 
novices and experts for their average fixation duration 
and percent of total time variables across the five 
graphs viewed. 

Hog: There Is no significant difference between novices and 
experts in their scores on the performance task. 

4.3 Results 

Table 1 contains the significance levels from the 
multivariate and univariate statistical tests for the Important 
blocks of tie five graphs used In the study. Table 2 contains 
simi ar information for the less Important blocks of the five 
graphs. 
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TABLE 1 

Significance Levels for Percent of Total Tiae 
and Average Fixation Duration 
by Block and Training for jKttlmi Blocks of the 
Viewed Graphs 



Graph « 2 3 4 5 6 

■8 I u i u h u i jj 

Training by Block -119 .089 .401 .215 . 39 

Percent Total Tile .825 .331 .063 .151 046 

Average Duration .122 .256 .880 .886 .162 

M«* -000" .000" .000** .000*1 .00011 

Percent Total TiK .000>« .000" .000** .000m .000** 

Average Duration .000«* .OOOn .OOOii .000h .ooo«« 

ifiining ,000n .858 .044* .000** .016* 

Percent Total Tiae .538 .994 .954 .005* .300 

Average Duration .001** .684 .038* .odd** .005* 

« P < .005 • p < .0b R = Multivariate U = Univariate 



ERIC 



74 



TABLE 2 

Significance Levels for Percent of Total Tine 
ad Averige7li^Joo^firation 
by Block and Training for Leas iMwrtant Blocks of the 
Viewed Graphs 
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Training by Block 

Percent Total Tii 
Duration 



.192 



.175 
.078 



H U 1 U 



.561 



.368 
.249 



i u 



.403 



.832 
.158 



.191 



.096 
.202 



.277 



.061 

.313 



Block 

Percent Total Tii 
Average Duration 



.001H 



.OOlH 

.001H 



.004" 



.094 
.003*1 



.000" 



.000** 
.000k 



.000m 



,000«« 
.00ui« 



.00i« 



.OOlii 



Training 



Percent Total Tite 
Average Duration 



.122 



.167 



.403 



.196 
.637 



.157 



.374 
.060 



.446 



.237 
.256 



•s p < .005 a p < .05 H = Multivariate U = Univariate 



.231 



.220 
.932 



ilts of the analysis Indicated that there were ho 
significant trainlng-by-block interactions for any of the five 
graphs, this was true for both the important blocks and the less 
important blocks of the graphs. Testing for block and training 
main effects proceeded In the absence of significant interaction 
between the main effects variables. 
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Multivariate tests for the block main effect showed 
significance for all graphs in both the important blocks and less 
Important blocks categories. Univariate tests for percent of 
total time and average fixation duration within the main effect 
for block showed significance in all cases but one. For the less 
important blocks of graph #3, the univariate test of percent of 
total time falleei to achieve significance. 

Training was the variable of main interest. Results of the 
analysis for the training main effect showed differences between 
the two categories of blocks and the two dependent variables. In 
the analysis of the important blocks of the graphs (see Table 1), 
multivariate tests showed significance for four of the five 
graphs. Only graph t3 failed to achieve significance. 
Examination of the univariate results for these four graphs showed 
that in all four cases the average fixation duration variable 
achieved significance, the percent of total time variable 
achieved significance only for graph #5. 

The results were different for the less Important blocks of 
the graphs (see Table 2). In the analysis of these blocks, none 
of the multivariate tests for the training main effect achieved 
significance. Interpretation of the univariate tests was not 
appropriate in light of this lack of significance. However, 
examination of these univariate results showed that neither of the 
dependent variables achieved significance for cny of the five 
graphs. 
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4,4 An Example 

Figure 7 shows an example of one of the graphs (graph *5) 
showing the grid system of blocks and the blocks used in the 
analysis. The important blocks of this graph are blocks 47, 48, 
49, 5D, 51, 71, and 72 (indicated by an asterisk). These blocks 
contain the three axes intercepts, the origin (point (0,0)), scale 
values, and information about the minimum value of the graph. The 
less important blocks of this graph are blocks 28, 39, 40, 46, 52, 
61, and 83. These blocks contain Information about the scale of 
the axes In areas not as critical for Interpretation of the graph. 
Appendix Figures 29 through 32, contains simi lar 
representations of the other four graphs used in the analyr s. 
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A ? iJ?ure 7: Graph #5 showing important and less important blocks. 
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Significance levels for the training main effect for graph 
#5, given in Table 1, indicate that significant differences were 
found between experts and novices for both percent of total time 
(p = .005) and average fixation duration <p « .000) when viewing 
the important blocks. Table 3 shows the value of those 
differences for each Important block for both dependent variables. 
The differences between the groups of subjects (in the column 
marked •Biff; 1 ) are all positive, except for the percent of total 
time in block 47. the positive values Indicate that the experts 
had higher mean values than the novices. The magnitude of the 
differences gives ah indication of the size of the differences 
between the groups. These differences were significant for both 
variables. 



Table 3 



Cel 1 Means and Differences 
for Average Fixation Duration and Percent of Total Time 
for Important Blocks of Graph #5 



Average Fixation Duration 



Percent Total Time 



Exp 



Nov. 



,jff . 



Exp. 



Nov. 



Dlff ; 



Block 47 
Block 48 
Block 49 
Block 50 
Block 51 
Block 71 
Block 72 



.402 
.356 
.301 
.490 
.479 
.241 
.43b 



.284 
.285 
.131 
.422 
.391 
.129 
.366 



+ .118 
+ .071 
+ .170 
+ .068 
+ .Pi8 
+ .112 
+ ;070 



10.439 
7-755 
7.751 
10.741 
15;915 

4.167 
13.974 



12.985 
5.779 
2.175 
10.064 
12.879 
1.506 
9.929 



-2.546 
+1.976 
+5; 576 
+0.677 
+3.036 
+2.661 
+4.045 
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Figures 8 and 9 are graphical plots of the cell means found 
In Table 3 for the Important blocks of graph #5. Plotting the 
cell means in this manner shows graphically the parallelism from 
block to block between experts and novices for the two dependent 
variables. Significant parallel ism was indicated by the lack of 
significant interaction of the main effect for block and training. 
These plots also show the variation in the cell means from block 
to block which Is indicated by the significant results for the 
block main effect. 




? • • I ? I I 

.0* EXP Jfr NOV 



figure 6 : Plot of cell means for percent o< total time of the 
important blocks of graph #5. 
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Figure 9» Plot of cell means for the average fixation duration of 
the important blocks of graph #5. 

Significance ievels for the training main effect for graph 
#5, given In Table 2, show no significant differences between 
experts and novices when viewing less important blocks of 
graph #5. This was true for both the multivariate and wel 1 as the 
univariate tests (multivariate: p = .446; univariate: p = .237 and 
P = .256/. Table 4 shows the sign and magnitude of the 
differences between the cell means for these less important 
blocks. For each dependent variable, five of the seven difference 
values are negative, showing higher cell means for novices. The 
magnitude of the differences is relatively small since it is not 
significant. 
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Table 4 

Cell Means and Differences- 
for Average Fixation Duration and Percent of Total Time 
for Leas Important Blocks of Graph #5 



Average Fixation Duration Percent Total Time 







Exp. 


Nov. 


Diff . 


Exp. 


Nov. 


Diff. 


Block 


26 


.064 


.134 


-.050 


0.517 


1.426 


-0.909 


Block 


39 


.065 


.155 


-.070 


0.603 


1.691 


-1.088 


Block 


40 


.042 


.075 


-.033 


0.217 


1.824 


-1.607 


Block 


46 


.140 


.171 


-.031 


3.374 


2.433 


40.941 


Block 


52 


.200 


.284 


-.084 


3.771 


7.700 


-3.929 


Block 


61 


.216 


.122 


+ .096 


3.271 


1.134 


42.137 


Block 


63 


.131 


.113 


4.018 


2.224 


2.282 


-0.058 



Figures 10 and 11 show graphical plots for the cell means 
found In Table 4 for the less Important blocks of graph #5. 
Again, the parallelism In the data Is evident, as is the variation 
from block to block. 
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Figure tfi i Plot of cell means for the percent of total time for 
the less important blocks of graph #5. 
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Figure lit Plot of cell means for the average fixation duration of 
the less important blocks of graph lb. 
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Appendix C, Tables 11 through 18, contains numerical tables 
of cell mans and differences for the two categories of blocks for 
graphs #2, #3, «4, and #6, As was the case with fables 3 and 4 
above, the difference between expert-? and novices for each of the 
two dependent variables is given as a signed number. These signec 
numbers indicate the direction and magnitude of the differences 
between the groups. Appendix B, Figures 33 through 48, contains 
graphical plots ot the cell means from Tables 11 through 18. 

4.5 Hypotheses Test Results 

Null hypotheses Hoj and Ho 2 dea't with the important blocks 
category of the analysis. For graphs #2, is. »a. and #6, null 
hypothesis Hoj was accepted. This Indicate-' ( »-; ; -- when viewing 
important blocks, there was no significant difference between 
experts and novices for the percent of total time spc : in blocks. 
Null hypotheses H6j was rejected for graph *5\ indicating a 
significant difference between groups of subjects In the percent 
of total time spent in the important blocks. Expert u ucoieU 
significantly higher ibr this variable (see Table 3). 

Null hypothesis Ho 2 was rejected for graphs 12, #4, #5, and 
i6. The results Indicated that significant differences were found 
between experts and novices for their average fixation duration In 
important blocks of the five graphs. In all Cases, experts had 
significantly higher average fixation durations than novices (see 
Table 3 and Appendix C, fables 11, 15, and 17). Null hypothesis 
Ho 2 w * s accepted for graph #3 only. 
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Hull hypotheses Ho 3 and Ho 4 dealt with the less Important 
blocks of the graphs. Both of these hypotheses were accepted for 
all five graphs. No significant differences were found between 
expert? and novices for either the percent of total time or the 
average i- s'.lon duration when viewing less important blocks of 
the five graphs. 

Table 5 contains a summary of th; results of the hypotheses 
tesU for hull hypotheses Hoj to Ho 4 for the five graphs viewed. 
Hypotheses dealing with Important blocks of the graphs are labeled 
with an asterisk (#>. The other hypothecs dealt with less 
Important blocks. 



Table 5 

Summary of Resul ts of the Tests of 
Null Hypotheses Hoj to Ho 4 for 
the Five Vlewsc Graphs 



Grap 


iH 2 


0 


4 


5 


6 


Null 












Hypotheses 












* Hoj 


A 


A 


A 


R 


A 


* Ho 2 


R 


A 


R 


R 


R 


Ho 3 


A 


A 


A 


A 


A 


H04 


A 


A 


A 


A 


A 


A = Accept 


R = Reject 
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4.5 Results of the Performance Task 

The performance task associated with this study was to select 
the correct graph from a set of f Jve distractors and to write down 
important numerical information about the graph. Points were 
awarded based bh selection of the correct distractor and He 
presence and correctness of numerical information about the graph. 
Ho points were awardew , f the wrong distractor was chosen, even if 
the nurcerlc£! information provided was correct. Possible scores 
were from D to 12 for eacn grash; 0 to 60 for each subject 

across the five graphs in th sU-J*. 2*!tual scores ranged from 16 
to 56 for the experts and 6 to 29 for the novices, Tab* a 6 
contains a summary of the statistics for the two groups of 
subjects. 



Table 6 

Means and Standard Deviations of the Performance Task 
for Expert Novices 











Experts 


Novices 


Mean: 


35.68 


15.12 


Standard Deviation: 


13.68 


5.?5 


Sample Size: 


25 


25 



h T-test was performed comparing the two sample means. A 
value of t « 6.93 on 48 degrees of freedom was calculated. 
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Significance of this value was bh the order of p < .6005. Experts 
scored significantly higher than novices on the performance task. 
Null Hypothesis Ho 10 was rejected on the basis of this test. 

4.~ osannan Rank Correlation u <H 1 Means 

The analysis of the dat* for important and less important 
blocks of the five graphs showed a strong pattern. The 
multivariate tests for the block main effect were significant in 
all ten analyses of important and less important blocks. Except 
for graph #3, all univariate tests showed significant differences 
between blocks for both the percent of total time and average 
fixation duration variables. As t measure of how these various 
block* differ between experts and novices, a numerical ranking of 
the cell means of each block was done for both percent of total 
time and average fixation d,^ at ion variables. These rankings were 
done for both important and less important blocks of each graph. 
Tlie theory behind the ranking wa^ the higher values for the two 
dependent variables indicated a higher degree of importance 
associated with that block. For example, bh the important blocks 
of graph *2, experts had the longest average fixation duration 
when viewing block 50 (see Appendix C, table 11). the seven 
blocks examined were ranked in order as 50, 28, 17, 54, 52, 19, 
*nd 26. Novices had the longest average fixation duration when 
viewing block 28. Their seven blocks were ranked 28, 30, 17, 54, 
52, 26, and 19. 
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This ranking gave sane indication of the order of importance 
subjects attached to the different blocks. Here total time spent, 
or longer average fixation durations indicated more processing 
time spent at a location. Bore ptoceyyiity iim meant bet lei 
understand* ng or recall of the details viewed. A high positive 
correlation between experts and novices indicated that time 
factors were allocated to given areas of the graph in a similar 
a-niitr regardless of the level of training. A low correlation 
indicated that level of training made a difference when allocating 
viewing time to different blocks. A negative correlation 
indicated that profound differences existed for time allocation 
between experts and novices; 

The number of a given block had no relationship to Its 
relative value, but only represented its position in an array. 
The Spearman Rank Correlation test was used to test the strength 
of the correlation between the experts and novices for the 
rankings on the two dependent variables. In the analysis, experts 
were compared to novices for each dependent variables. For 
example, the average fixation duration ranking for the important 
blocks of granh #2 , as given above, were correlated with each 
other. The result was a Spearmen Rank Correlation Coefficient of 
.929 (p = .012). The same expert/novice correlation for the less' 
important blocks of graph #2 yields a Spearman Rank Correlation 
Coefficient of .39* (p = .168). 
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Table 7 contains a sunSary of the Spearman Rank Correlation 
Coefficients and significance levels for the various betwe e n 
subjects comparisons. Significance ievris indicate the 
probability that the actual correlation is different than zero. 
Significance levels less than .05 indicate a high probabi IK,' what 
the actual correlation Is not equal to zero, based on the observed 
data. Significance levels greater than .05 Indira * a lack of 
sufficient evidence to support the claim that the actual 
correlations are different than zero. 

Table 7 

Spearman Rank Correlation Coefficients for the 
Compar! *jns Between Experts and Novices for 
Percent of iota! Time and Average Fixation Duration 



Graph 2 3 4 5 6 



Percent Total Time 



Important Blks. 


1.000 


.933 


.650 


.679 


.929 


Significance 


.007* 


.004* 


.033* 


.048* 


.007* 


Less Imp".. Blks. 


.607 


.286 


.905 


.536 


.405 


Significance 


.069 


.242 


.008* 


.095 


.112 


/erage Fixation Bur. 












Important Blks. 


.929 


.750 


.633 


.964 


.786 


Significance 


.012* 


.017* 


.037* 


.009* 


.019* 


Less Impt. Blks. 


.393 


.429 


.667 


.464 


.714 


Significance 


.168 


.14? 


.039* 


.128 


.016* 



* p < .05 
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Correlations in this comparison were all positive. 
Correlations between experts and novices for important blocks were 
significant for all five graphs. Correlations for less important 
blocks were not significant except for three cases (graph #4 for 
both dependent variables and graph *6 for average fixation 
duration). These results indicate that there was a high degree of 
similarity between experts and novices when viewing important 
t cks and less similarity when viewing less important blocks of 
the graphs. 

*s a measure of subjects' consistency between the two 
dependent variables, within subject comparisons were made using 
the same rankings «f ceP means. Each group of subjects wa?3 
correlated t Itself across the two dependent variables. For 
example, experts' scores on the percent of total time variable 
were correlated to their own scores for average fixation duration. 
Rich, positive correlations indicated that subjects allocated 
total viewing time and fixation duration time in the samt winner, 
ft low er negative correlation indicated that subject had little or 
nc similarity in their allocation of the two time factors from 
b)<-7k to block, fable 8 contains the Spearman Rank Correlation 
Coefficients and significance levels for this comparison of 
subjects to themselves. 
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Table 8 

Spearman Rank Correlation Coefficients for the 
Comparisons Within Subjects for the Percent of Tota: Time 
and Average Fixation Oration 



Graph 


2 


3 


4 


5 


6 


Experts: 












Important Bl ks.- 
Significance 


.750 
.033* 


.917 
.0051 


.866 
.007* 


.857 
.018* 


.881 

.010* 


Less Impt. Blks. 
Significance 


.964 
.069* 


.667 
.069 


.905 
.008* 


.893 
.014* 


.857 
.005* 


Novices: 












Important Blks. 
Significance 


r.03 
• 0!4* 


.867 
.007* 


.96? 
.003* 


.667 
.069 


.952 
.006* 


Less Impt. Blks^ 
Significance 


.964 
.009* 


.929 
.012* 


.810 
.016* 


.464 
.128 


.881 
.0041 


* P < .05 












These comparison? 


show how 


cons! 


stent groups 


of subjects wer* 



between the two dependent measures. For examp 1 e , when viewing 
graph #4, the correlation for experts between scores bh the 
percent ot total time variable and the average fixation iji^tlon 
variable for the important blocks was .866 (p = .007^ and" fc; the 
less important blorks was .905 (p ■ .008). h\ \ the correlations 
in this group were positive. Correlations were «. i •sUjrtli k;iit 
except for three cases (graph #3 for less iiroortant blocks - iti 
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graph «5 for both Important and less important blocks). This 
Indicated three types of consistencies within subjects. Subjects 
Were consistent within themselves across the two dependent 
measures, across important and less important blocks, and from 
graph to graph. 

4.8 Pearson Correlation of Cell Means 

As another measure of the relationship between experts and 
novices, Pearson Correlation Coefficients were calculated for the 
same cell mean data used for the Spearman Rank Correlation, the 
same comparisons between and within subjects for the two dependent 
variables were made. Important blocks were contrasted to less 
important block? . 

Table 9 contains the Pearson Correlation Coefficients and 
significance levels for the comparison b e tw ee n experts and novices 
for the two dependent variables. As with the previous 
correlations, significance levels indicate the probability that 
the actual correlation is different than zero. Significance 
levels less than .05 indicate a hioh probability that the actual 
correlation Is *bt equal to zero, based on the observed caia. 
Significance levels greater than .05 indicate a lack of sufficient 
evidence to support the claim that the actual correlations are 
different than zero. 
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Table « 



Pearson Correlation Coefficients and Sigiif icance Levels 
for the Comparisons Between Experts and Novices for 
Percent of Total Time and Average Fixation Duration 















Graph 


2 


3 




5 


D 


Percent Total Time 












Important Blks.. 


.995 


.936 


.892 


.840 


.885 


Significance 


.000# 


.000* 


.001* 


.009* 


.002* 


Less Impt. Blks. 


.47? 


.526 


.899 


.540 


.451 


Significance 


.139 


.112 


.001* 


.106 


.095 


Average Fixation Dur. 












Important Blks. 


.vo. 


.316 


861 


.969 


.814 


Significance 




.004* 


.001* 


.000* 


.bo 7 * 


Less Impt. Blks. 


.374 


.457 


.606 


.557 


.502 


Significance 


.204 


.151 


.056 


.097 


.070 



* p < .05 

Positive correlations indicate agreement between experts and 
novices on the way time factors were a) located block by block. 
Negative correlations Indicate opposite strategies for time 
al location between groups of subjects. High correlations indicate 
that time allocation strategies are the same for both groups 
across a type m block. Low correlations indicate little or no 
agreement in time al location strategies. 
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All correlation coefficients were positive. The correlations 
between experts and novices were significant for both percent of 
total time and average fixation duration for the important blocks 
Of all five graphs. Correlations were not significant for the 
less important blocks in all cases except for the percent of total 
time In less important blocks of graph #4. 

This correlational analysis also gave an indication of the 
reliability of the selection process for important versus less 
Important blocks of the graphs. Between subjects correlations 
showed how the blocks group together. Important blocks had 
significant correlation for both time varices. Less important 
blocks did hot have significant correlati sr.j. 

fable 10 contains the correlation cbef f.i . :; '■■■'< t» anr? 
significance levels for the wlthir) subjects cm* ■ isons of the 
cell means across important and less important blocks of the five 
graphs Significance levels have the same meaning for this table 
as for fable 9 above. 
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Tabie 10 

Pearson Correlation Coefficients and Significance Levels 
for the Comparisons Within Subjects for 
Percent of Total Time and Average Fixation Duration 



Graph 


2 


3 


4 


5 


6 


Experts 












Important Biles. 
Significance 


.605 
.075 


.861 
.001* 


- 891 
.001* 


.874 
.005* 


.936 
.000* 


Less Impt. Blks. 
Significance 


.878 
.005* 


.789 
.017* 


.957 
000* 


.915 
.002* 


.910 
.000* 


Novices 












Import Blks. 
Slg..it icance 


.874 
.005* 


.886 
.001* 


.931 
.000k 


.839 
.009* 


.964 
.000* 


Less Impt. Biles. 
Significance 


.938 
.001* 


.822 
.012* 


.899 
.001* 


.888 
.004* 


.924 
.000* 



* p < .05 

Positive correlations meant that subjects wzce consistent In 
their time ai'ocatibri strategy for percent of total time and 
average fixation duration. When they spent more total time in a 
block, their average fixation durations were high*. The reverse 
would also be true (le. less total time and less average fixation 
duration). Negative correlations meant that subjects reversed 
their time allocation strategy, spending more total time when they 
had shorter average fixation durations and visa-versa. 
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Low correlations ipeant that subjects were not consistent 
within themselves, changing their viewing strategy as the? looked 
at different important blocks or different less Important blocks. 
High correlations meant that subjects had consistent viewing 
strategies for the total time and average fixation duration for 
the different blocks of each type. 

AN of the correlation coefficients were positive. Except 
for experts when viewing important blocks of graph 12, all 
correlation coefficients were significant. These r suits 
indicated that subjects had consistent viewing patterns within 
themselves for the two viewing time factors. This consistency was 
apparent for both important and less Important blocks of all five 

OilS. 
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CHAPTER V 
DISCUSSION AND RECOMMENDATIONS 

5.1 Introduction 

The results of this study indicated that there were both 
differences and similarities between experts and novices when 
reading mathematical graphs. Differences were found for the 
average fixation duration on important blocks and in the 
correlations between subjects for the less Important blocks of the 
graphs. Similarities were found for the percent of total time 
spent viewing both important and less important blocks and in the 
correlations between subjects for the Important blocks. 
With in- subjects correlations displayed similar time allocation 
strategies for both groups. Parallelism in the data showed 
similarities between groups of subjects from block to block and 
argued for the power of the symbol system to draw the viewer to 
Important areas of the graph. Block by block variation in viewing 
time factors and the correlations between subjects gave evidence 
of local control of eye movement patterns for both experts and 
novices. Recocnendations for changes In curriculum and 
instruction resulted from both the similarities anr the 
differences between experts and novices. 
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5.2 Viewing time factors 

For four of the five graphs viewed, there were significant 
differences between experts and novices for one of the two time 
factors when viewing important blocks of the graphs (see Table 1). 
There were no differences between experts and novices for either 
time factor when viewing the less Important blocks of the five 
graphs (see Table 2>. Experts did something different when they 
moved their eves to the important blocks of the graphs. They had 
longer average fixations on the blocks which contained important 
information. Novices did hot alter their fixation durations In 
the same manner when they viewed important Information. 

Even though the experts had significantly longer fixations In 
the Important blocks of the graphs, this did hot mean that they 
spent longer periods of time looking at the Important Information. 
Except for one graph (graph #5), there were no significant 
differences between experts and novices tor the percent of total 
time that was spent bh the important or less important blocks of 
the graphs (see Tables i and 2). The simple speculation that 
experts read graphs more effectively because they spend more time 
looking at the Important information was hot supported by the 
data. On the contrary, the evidence Indicated that both groups 
allocated total viewing time equally for Important blocks of the 
graphs. This was also true for the less Important blocks. 

Figure 12 contains a representation of the percent of total 
time ana average fixation duration for a typical Important block 
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of a graph. The two circles represent the percent of total time 
spent in the block by experts and novices. The circles are of 
equal area. The lengths of the line segments in the circles 
represent the lengths of the average fixation durations of the two 
groups. Since total time in a block is the sum of the fixation 
durations, the sum of the lengths of the line segments in the 
•expert' circle is equal to the sum of the line segments in the 
•novice" circle. Lengths of the line segments differ, 
corresponding to the differences found between experts and novices 
for average fixation duration. 



Experts Novices 




Figure 12= Viewing time for experts and novices in a typical 
important block. 

Viewing time for the experts was made up of a smaller number 
of longer fixations. Viewing time for the novices was made up of 
a larger number of short fixations, these results related to the 
scores on the performance task. Experts were able to decode the 
graphs better as measured by the scores on the performance task. 
Experts scored significantly higher on the performance task than 
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novices <p < .0005). Sane of the reasons for the difference in 
these scores were due to factors other than average fixation 
duration. However, Loft us- (1981) stud? of average fixation 
duration and performance on memory tasks supported an 
interpretation directly ! inking performance on a task to fixation 
duration. As average fixation duration increased performance on 
the memory task increased. The task in this study was a memory 
task. Ixperts had longer average fixation durations in important 
blocks and scored better bh the performance task. 

The analysis 6f the less important blocks showed a different 
result. Figure 13 contains a representation of the percent of 
total time and average fixation duration for a typical less 
important block of a graph. In this case, there were no 
differences between the two groups for either of the two time 
factors. 



Experts Novices 




figure 13t Viewing time for experts and novices in a typical less 
important block. 
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When processing less Important areas of the graphs, there was 
no difference between experts and novices for percent of total 
time or average fixation duration. Experts differentiated between 
important and less important blocks of the graph and adjusted 
their fixation times accordingly. The simple suggestion that 
experts do hot waste their total viewing time in less important 
areas of the graph is not supported by the data. There was no 
difference between the two groups in total time allocation for 
important or less important blocks of the graphs. It was the 
average fixation duration in important blocks which defined an 
important difference between experts and novices. 

5.3 Correlation Results 

Where the multivariate analysis of the data tested for 
differences in magnitude between experts and novices, the 
correlational analysis tested for proportional relationships 
between the groups of subjects. Given the relative magnitudes of 
the cell means, what was the nature of the relationships between 
experts and novices for the two dependent variables? the results 
of the correlational analysis (both parametric and nonpar ametrlc) 
showed some strong patterns. 

Correlation of the ranks of cell means (Spearman Rank 
Correlation) and the cell mean values themselves (Pearson 
Correlation) showed that experts and novices had highly similar 
viewing time allocation strategies when attending to the important 
blocks of the graphs. This was true for both percent of total 
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time and average fixation duration across all five graphs (see 
fables 7 and 9). In important blocks where experts' average 
fixation durations Were relatively high, novices' average fixation 
durations were also relatively high. In important blocks where 
experts had a relatively low average fixation duration, novices 
were also relatively low. The same relationship occurred for the 
percent of total time. While there was this parallelism between 
groups, the experts were significantly higher than the novices for 
only the average fixation duration variable. 

When attending to less important blocks, experts' viewing 
patterns were not the same as those of novices. Except for the 
percent of total time on graph 14, the parametric correlation 
(Pearson Correlation, Table 9> showed no significant correlations 
between expert and novice time allocation strategies. 
Nonparametrlc correlations (Spearman Rank Correlation, Table 7) 
showed the same lack of significance except for graph #4 
(correlation of both dependent variables were significant) and 
graph #6 (correlation of average fixation duration was 
significant). The multivariate analysis of the less itporiani 
blocks showed no significant differences in the magnitudes of the 
percent of total time or average fixation duration, but the 
correlational analysis showed that there were differences in 
viewing time allocation strategies. For example, when viewing 
some less important blocks, novices allocated more percent of 
total time than experts even though the magnitudes of the percent 
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of time was not significantly different. The reverse was also 
true. 

5.4 The Power of the Symbol System 

Why were experts and novices similar in time allocation 
strategy for the important blocks and dissimilar for less 
important blocks? The answer lies in the power of the symbol 
system to draw the graph readers" eyes to the important areas of 
the graph. Level of experience affected only the absolute 
magnitude of the average fixation duration in important blocks, 
while the relative magnitudes and rankings of the cell means for 
the important blocks were the same for experts and novices. 
Novices were attending to the important blocks of the graphs and 
allocating viewing time in those blocks In the same pattern as 
experts, even without a base of experience. The graphs had the 
power to draw novices to important areas in the same relative 
pattern as experts. But, once novices got to the important areas, 
they did not change their Viewing strategy by increasing average 
fixation durations as experts did. 

The power of the graph to draw the eye to important areas was 
different from the cognitive decision to increase fixation 
duration. The cognitive decision was related to a subject's 
experience and background. If the Important areas of the graphs 
were accounting for both the 'spatial decisions and the temporal 
decisions in eye movement patterns* then there would have been no 
difference between subjects for the average fixation duration in 
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,,nt Vtant blocks. Novices were *«w n to the Important areas of 
th * graphs, but did not make the cognitive decision to increase 
* U *tlon duration for more effective processing. The graphs 
"^bed novices S«ke the decisions of where to look, but not the^ 
O^ltlve decision to concentrate longer on the important blocks 
•* the experts did. 

Less important blocks of the graph did not draw experts' and 
n ° V, ces' eyes in the same way. f^r* was no significant 
d ,f France between the magnitudes for percent of total time or 
» ve **ge fixation duration, and patterns of time allocation (both 
r * f * and cell mean) were not significantly correlated. This 
located that leas important blocks did not draw novices' eyes In 
an %der like experts. 

Plnker's <l?8l> theory suggested that the power of a graph to 
t* a Snlt information depended on the suitability of the type of 
***** to the question being asked and the experience of the graph 
re*^.. significant Correlations between experts and novices for 
th' important blocks 0 f these cartesian graphs supported Plnker's 
tb*% f 0 r one type of graph. Cartesian graphs were effective in 
di^Uylng the mathematical relationship between two variables 
oe^se they can draw the reader to the Important information. 
°n* e the reader m° v ed his/her eyes to the Important Information, 
th* *jcperience of the reader guided the cognitive decision of 
f i* a *lon duration- 
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Cleveland and McGill's (1984) theory attempted to define a 
hierarchy of perceptual tasks which made graphs Sore or less 
understandable. The power of a cartesian graph came from the fact 
that points of the graph were Interpreted by their position along 
common scales In both the horizontal and vertical direction, and 
their relationship to each other through the point to point and 
global rates of change (slope). Support for this theory was found 
in the way readers were drawn to the Important blocks of the 
graphs. Most of the Important blocks of the graphs from this 
study contained Information about the axes, which are the common 
scales. Both experts and novices were drawn to these important 
blocks In the same pattern. The graphs were understandable by 
reference to the axes. 

5.5 Local Control of Eye Movement Patterns 

The power of the graph to draw the eye to important areas of 
the graph does not preclude the issue of local control of fixation 
duration. Global control of eye movement patterns would Indicate 
little or no difference In fixation duration from one area of the 
visual field to another. Local control would indicate eye 
movement patterns which responded to the type of information 
present in a given block. Experts were able to respond to the 
information in different areas of the visual field and increase or 
decrease their average fixation durations. Novices did not show 
the magnitude of change in average fixation durations, but the 
paral lei Ism in the data and the correlations between groups showed 
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that they responded to changing information in the different 
important blocks in the same pattern as experts. The cognitive 
decision to increase or decrease fixation durations was separate 
from the spatial decision which was influenced by the graph being 
viewed. 

This study did not investigate the spatial decisions related 
to fixation sequence (scanpaths). This spatial decision was 
different than the decision of where to look. Fixation sequence 
was a cognitive spatial decision more closely related to the 
temporal decision of fixation duration. Investigating the 
relationship between graph Interpretation and fixation sequence 
will provide more Information about local control of eye movement 
patterns. This will be the topic of future research. 

6.6 Consistency Within Subjects 

Wi thin-subjects correlations showed how subjects compared 
within themselves for the two time factors. For example, when 
experts viewed graph 96, the correlation between percent of total 
time and average fixation duration for the important blocks was 
.936 (p < .001; see Table 10). This meant that when experts had a 
high average fixation duration, they also had a high percent of 
total time in the important blocks of graph #6. The reverse was 
also true He. low average fixation duration meant low percent of 
total time). Experts were not spending relatively large percents 
of their viewing time in blocks where they had relatively short 
average fixation durations, nor did they have relatively short 
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fixation durations In blocks where the? spent relatively large 
percenls of total time. 

This significance pattern of within-subject correlations for 
the important blocks was present across all graphs for both the 
parametric and honparametrlc correlations. Only novices viewing 
graph #4 failed to reach significance for the Spearman Rank 
Correlation (p * .069; see Table 16). for the Pearson 
Correlation, only experts viewing graph *2 fai'ed to reach 
significance (p - .075; see Table 18). Both of these exceptions 
were marginal . 

Correlations within subjects for less important blocks were 
also significant. Except for the Spearman Rank Correlation of 
novices viewing graph 15* all correlations were significant (see 
Tables 8 and 10? . This meant that even for less Important blocks 
of the graphs, both novices and experts had a direct relationship 
between the relative percent of total time and average fixation 
duration In different blocks. 

Subjects were consistent in the time allocation strategies 
within themselves across all five graphs for both important and 
less important blocks. This pattern of consistency had two 
Interpretations. First, there was a predetermined cognitive time 
allocation pattern which subjects us*d to interpret graphs of the 
type in the study. This was similar to the scanpath theory of 
Norton and Stark (1971) and indicated a lack of local control over 
eye movement time patterns. Second, local control of the viewing 
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time factors affected both percent of total time and average 
fixation duration In the same Way and in relatively the same 
amounts. For example, when novices viewed a block if they had a 
relatively high percent of total time in that block, then they had 
a relatively long average fixation duration. The Information in 
the block affected both time factors in the same way. 

If predetermined cognitive patterns for viewing time were 
being Used, then those patterns would be global, showing little 
variation from block to block. Global theories of text processing 
stated that average fixation duration remained relatively constant 
across an entire passage. Evidence showed correlations between 
experts and novices for the Important blocks were significant, 
the multivariate analysis showed that there were significant 
differences between Important blocks for both percent of total 
time and average fixation duration (see Table 1, "Block" main 
effect). These two pieces of evidence taken together indicated 
that a global pattern for time factors was not being used by 
subjects for the important blocks. If there were no global 
patterns for the Important blocks, then there Were no global 
patterns for less Important blocks since a pattern for one type of 
block and hot for the other would Indicate local control. 

Evidence indicated that local factors In different areas of 
the graphs directly affected average fixation *ratibn for both 
experts and novices, fcbcal control for experts was apparent 
because of the increased average fixation duration bh important 
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blocks. Local control for novices was indicated because of the 
strong correlation between experts and novices for important 
blocks. 

The wl thin-subjects correlation showed similarity between 
graphs. All of the graphs affected the viewing time factors 
within subjects in the same way. None of the graphs, for example, 
caused the subjects to display an inverse relationship between the 
two time factors. 

5.7 Recommendations 

The main purpose of this study was to identify variables 
critical to graph interpretation as a first step in designing 
better curriculum materials and methods of instruction. The 
results of the study showed that the experience of the graph 
reader played a major roll In the Interpretation process by 
signal lng the heed for the cognitive decision to increase fixation 
duration in important blocks of the graph. The mathematical 
graphs used in the study had the ability to draw experts' as well 
as novices' eyes to the important information. These two factors 
indicated two specific recommendations: 

i. Students should be given substantially more experience in 
reading, interpreting, and using information in graphical 
form. Experiences using mathematical graphs should begin 
at earlier levels and be more intense, involving both 
curriculum and teaching methods. 
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2. Ma'^-matlcal graphs are understandable and appropriate 
for even novice users, and should be used In more 
instances throughout the curriculum. 
The ability to dement these recordations in the schools 
at the present time is within reach. The best way for students to 
get more experience in using graphs is to provide them with the 
means to create and manipulate many graphs with relatively little 
effort. Many teachers shy away from using mathematical graphs for 
concept development or problem solving because of difficulty in 
creating and manipulating many instances of graphs. Point 
Plot ting can be a time consuming task. For a student to create a 
useable, accurate graph often Implies the student already 
understands the concept Or problem being studied. Relying on 
Printed material to display the exact mathematical graph needed in 
a given teaching situation is often disappointing. 

Mathematical graphs need to become a teaching and learning 
tool which can be used In any situation, can be tailored to the 
specific problem at hand, and can be manipulated easily and 
efficiently to illustrate different situations. Computers and 
graphing calculators ( Casio, Sharp, and Hewlett-Packard) can 
create accurate, useable, and easily manipulated mathematical 
graphs. These machines can do for graphs what hand-held 
calculators have done for arithmetic. They make concepts and 
skills accessible earlier and give students a base of experience 
through multiple exposure to many different types of graphs. When 
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solving problems, Polya's (1945) general problem solving technique 
of drawing a picture to help understand the problem can now be 
extended to Include drawing a graph to understand the relationship 
between the variables In the problem. Students and teachers how 
have the ability to exploit the human visual processing system to 
add another dimension to the teaching and learning of mathematics. 

In most school systems, personal computers are available. 
Good graphing software is available, or programs can be written 
for specific Instances. Professional journals like The 
Hathemat4^s Teacher often have articles for teachers using graphs 
for concept development or problem solving; computer programs are 
usually provided. Graphing calculators are relatively inexpensive 
and easy to use. As research and development costs are recouped 
and competition in the market increases, costs for these 
calculators will be further reduced. 

The harcfrare and software are in place or readily available. 
The missing element is the integration of the new methods into 
curricular materials to be used in the schools. This step is not 
as easy as it seems. Curricular change is slow to say the least. 
Innovative teachers will recognize the benefits of this graphing 
technology and make their own changes. Other teachers will rely 
on textbooks for guidance in what and how to teach. Often the 
only effective means of changing teaching methods is through 
attrition. Pre-service teachers need to be taught the Inportance 
and effectiveness of using graphs as teaching and learning tools. 
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Textbook pub I ishers need to be encouraged to include more 
graphical learning methods In their books, and to Integrate the 
hew technology In effective ways. 

The mathematical graphs used In this study had the power to 
draw novices" eyes to the Important Information. While these 
novices were not 11 or 12 year olds, their mathematical knowledge 
and experience was limited. They responded to Important 
Information In the graphs in a manner similar to experts. 
Mathematical graphs could be used more extensively in the 
pre-ajgebra mathematics curriculum at the middle school /junior 
high level for concept development and problem solving. Research 
found that students were good at plotting points* a common early 
graphing experience. Early graphing experiences heed to be 
extended to include graph reading and interpretation ski lis at 
this level. 

Common Algebra I and II courses provide many opportunities 
for interactive use of mathematical graphs. For example, when 
learning about the slope of the graph of a linear equation, 
students could experiment with many examples to develop an 
understanding of linear graphs with slopes greater than one as 
compared to linear graphs with slopes between zero and one. Or, 
when studying functional transformations such as "f(x> « x 2, 
transformed to "f(x> = (x - 2> 2 ,' students could experiment to 
help develop the Concept themselves. 
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Higher level mathematics lh high school and college have Just 
begun to exploit the modern technology and Interactive graphing 
for teaching and learning. Hew techniques for solving problems, 
understanding relationships, and developing concepts are being 
used. For example, solving a cubic equation for its roots can be 
done with a graphing calculator by "zooming In' on a root and 
estimating its value. This estimation can be as accurate as the 
machine will allow, usually 8 to 10 decimal places. 

Mathematics instruction at all levels can benefit from 
Increased use of mathematical graphs. Experience with 
mathematical graphs should begin earlier and be more intense In 
the curriculum. This experience should be expanded to include 
interpretation of graphs and not Just point plotting. Like 
reading, novice graph readers become more adept in reading and 
understanding mathematical graphs by having more experience with 
them. 

5.8 Future Research 

Future studies of graph interpretation should build on the 
findings of this study for polynomial graphs and should branch but 
to include methods of Instruction, problem solving techniques, 
other types of graphs and other populations, investigations 
should include analyses of fixation sequence (scanpaths) for 
mathematical graphs. Data graphs of several types (bar, pie, 
cartesian, etc.) should be investigated to see If the graphical 
interpretation theories are supported by eye movement data. 
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Techniques of instruction using mathematical graphs in concept 
development should be compared to non-graphical methods. Problem 
solving using graphs could be studied using an expert/novice 
comparison similar to this study. Methods of teaching problem 
solving ski) is with and without graphs could be contrasted. Other 
age groups should be studied to see if the results of this study 
generalize to younger students, or if there are other similarities 
and differences yet to be discovered. 

Each of these studies has imp) 1 cat ions for curriculum and 
instruction in mathematics classrooms. Some studies have more 
direct relationships to the classroom, but each study will advance 
bur knowledge of how to teach and use mathematical graphs In the 
classroom and in the real world. 



ERIC 



113 



APPENDIX A 

FIGURES 14 THROUGH 28 REFERRED TO IN CHAPTER HI 
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Figure 16: Screen Image 6? graph «3 
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Figure 17 : Screen Image of graph #4, 
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Figure 1?: Screen Image of graph. #6. 
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figure 27 : Map showing percent of total time for graph 14. 
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Flciure 28 : Hap showing average fixation duration for graph *4. 
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Floure 29 : Graph #2 showing Important and less Important blocks. 
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Figure 38 ; Graph 13 showing important and less important blocks. 
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Figure 31? Graph M showing Important and less Important blocks. 
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I flUre 33 ? Graph #6 showing Important and less Important blocks. 
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F i gure 33 s Plot of cell means for percent of total time of the 
Important blocks of graph #2, 




Figure 34' Plot of cell aeans for average fixation duration of the 
important blocks of graph #2. 
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Figure 35s Plot of cell means for percent of total time for the 
less important blocks of graph #2. 




Flare g: Plot oi cell Beans for average fixation duration of the 
less Important blocks of Graph i2. 
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F i gure 37 ? Plot of cell means for percent of total time of the 
important blocks of graph 13. 




Figure 38: Plot of cell means for average fixation duration of the 
important blocks of graph #3. 
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Figure 39 : Plot 6f_cel 1 means for percent of total time for the 
jess Important blocks of graph #3. 
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Figure 40 : Plot of cell means for average fixation duration of the 
less Important blocks of Graph #3. 
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Figure 41 : Plot of cell means for percent of total time of the 
Important blocks of graph #4. 
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Fldur e 42 t Plot of cell means for average fixation oXiratlon of the 
Important blocks of graph M. 
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Figure 43: Plot of cell means for percent of total time for the 
less important blocks of graph t4. 
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Pioure 44 ; Plot of eel 1 Beans for average fixation duration of the 
less important blocks of Graph #4. 
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Figure 45 ; Plot of eel 1 means for percent of total time of the 
important blocks of graph #6. 
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Figure 46; Plot of cell neans for average fixation duration of the 
important blocks of graph #6. 
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Plot of cell means for percent of total time for the 
less important blocks of graph #6- 
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Figure 48 : Plot of eel I means for average fixation duration of the 
less important blocks of Graph #6. 
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TABLES 11 THROUGH 18 REFERRED TO IN CHAPTER IV 
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fable 11 

Cel 1 Means and Differences — • - 
for Average Fixation Duration and Percent of Total Time 
for Important Blocks of Graph #2 



Average Fixation Duration 



Percent Total Time 





Exp. 


Nov. 


Diff. 


Exp. 


Nov. 


Block 17 


.478 


.358 


+ .120 


9.975 


11.468 


Block 19 


.194 


.145 


♦ .049 


2.430 


1.481 


Block 26 


.163 


.149 


4.014 


2.563 


1.819 


Block 28 


.528 


.478 


+ .550 


18.428 


21.444 


Block 50 


.666 


. .379 


+ .287 


5.381 


5.519 


Block 52 


.218 


.198 


4.020 


2.746 


3.474 


Block 54 


.414 


.331 


4.083 


7.632 


7.271 



Diff. 

-1.493 
40.949 
40.744 
-3.016 
-0.201 
-0.728 
40.361 



Table 12 



- Gel 1 Beans- and Differences 
for Avorage Fixation Duration and Percent of Total Time 
for teas Important Blocks of Graph *2 



Average Fixation Duration 



Percent Total Time 







Exp. 


Nov. 


Diff. 


Exp. 


Nov. 


Diff. 


Block 


18 


.233 


.142 


4.091 


4.362 


1.746 


42.616 


Block 


27 


.168 


.162 


4.006 


3.445 


3.905 


-0.459 


Block 


39 


.337 


.219 


4.118 


4.491 


4.154 


40.337 


Block 


48 


.158 


.126 


4.032 


2.128 


1.425 


40.703 


Block 


49 


.131 


.099 


4.032 


1.133 


1.071 


40.062 


Block 


53 


.306 


.227 


4.079 


5.695 


5.938 


-0.243 


Block 


65 


.138 


.274 


-.136 


2.042 


5.838 


-3.796 
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Table 13 



Cell Heans = and Differences 
for Average Fixation Duration and Percent of Total Time 
for JmEflLiiat Block* of Graph #3 

Average Fixation Duration Percent Total Time 

&P. Nov. Dlff. Exp. Nov. Dlff. 

5.145 2.949 42.196 

3.663 2.494 +1.169 

7.876 13.310 -5.434 

7.690 8.496 -0.808 

5.471 6.190 -0.719 

21.143 21.170 -0.027 

3.552 2.271 41.281 

6.426 6.082 40.344 

4.182 2.135 42.047 



Block 


17 


.271 


.197 


4.074 


Block 


19 


.2Cj 


.129 


4.077 


Block 


28 


.381 


.442 


-.061 


Block 


39 


.310 


.468 


-.158 


Block 


49 


.248 


.323 


-.075 


Block 


50 


.487 


.519 


-.032 


Block 


52 


.170 


.135 


4.035 


Block 


54 


.346 


.246 


4.100 


Block 


55 


.156 


.210 


-.054 



Table 14 

Cell Heans and Differences 
for Average Fixation Duration and Percent of Total Time 
for Leaa^lmbartiTtt Blocks of Graph »3 



Average Fixation Duration Percent Total Time 



Exp. Nov. Dlff. 



Block 29 


.088 


.121 


-i033 


Block 30 


.076 


.044 


4.032 


Block 38 


.015 


.108 


-.093 


Block 40 


.104 


.078 


4.026 


Block 42 


.075 


.026 


4.049 


Block 51 


.098 


.095 


4.003 


Block 53 


.149 


.186 


-.037 



Exp. 


Nov. 


Dlff. 


1.589 


4.157 


-2.568 


0.766 


0.691 


40.075 


0.439 


2.458 


-2.019 


1.058 


0.528 


40.530 


1.167 


0.198 


40.969 


0.914 


0.764 


40.150 


1.667 


3.594 


-1.927 
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Table 15 

- Cell Means and Differences - 

for Average Fixation Duration and Percent of Total 
for Important Blocks of Graph «4 



Time 



Average Fixation Duration 



Percent Total Time 





Exp. 


Nov. 


Diff. 


Exp. 


Nov. 


Block i5 


.189 


.102 


4.087 


3.021 


1.023 


Block 17 


.318 


.211 


+ .107 


6.788 


3.525 


Block 46 


.237 


.268 


-.031 


4.739 


8.223 


Block 48 


.172 


.157 


+ .015 


2.216 


3.649 


Block 50 


.442 


.379 


+ .063 


17.475 


15.199 


Block 52 


.179 


.122 


+ .057 


2.045 


3.315 


Block 54 


.237 


.245 


-.008 


3.650 


5.641 


Block 83 


.303 


.196 


+ .107 


2.896 


2.466 


Block 85 


.145 


.092 


+ .053 


1 .797 


1.303 



Diff. 

+1 .998 
♦3.263 
-3.484 
-1.433 
+2.276 
-1.270 
-1.991 
+0.430 
+0.494 



Table 16 

Cell Means and Differences -. 
for Average Fixation Duration and Percent of Total Time 
for teas Important Blocks of Graph 14 



Average Fixation Duration 



Percent Total Time 







Exp. 


Nov. 


Diff. 


Exp. 


Nov. 


Diff. 


Block 


28 


.333 


.259 


+ .074 


5.753 


4.636 


+1.117 


Block 


39 


. 171 


,184 


-.013 


3.056 


2.861 


+0.197 


Block 


47 


.300 


.250 


+ .050 


6.666 


7.491 


-0.823 


Block 


49 


.096 


.091 


+ .005 


1.266 


1.103 


+0.163 


Block 


51 


.136 


.216 


-.080 


1.664 


2.234 


-0.570 


Block 


53 


.293 


.131 


+ .162 


5.260 


3.483 


+1.777 


Block 


61 


.149 


.100 


+ .049 


1.264 


1.273 


-0.009 


Block 


72 


.213 


.157 


+ .056 


3.425 


1.885 


+1.540 
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Table 17 



Cel 1 Heans and Differences _. 
for Average Fixation Duration and Percent of Total Time 
for Important Blocks of Graph #6 



Average Fixation Duration 



Percent Tctal Time 







Exp. 


Nov. 


Diff . 


Exp. 


Block 


28 


.593 


.42? 


4.166 


14.819 


Block 


49 


.352 


.369 


-.01? 


10.036 


Block 


50 


.405 


.479 


-.074 


13.924 


Block 51 


.221 


.113 


4.108 


3.512 


Block 


52 


.363 


.216 


+ .147 


8.964 


Block 


53 


.198 


.127 


+ .071 


4.186 


Block 


54 


.356 


.234 


+ .122 


9.138 


Block 


55 


.186 


.162 


+ .024 


2.158 



Nov. 

13.792 
9.741 

19.515 
1.325 
5.846 
3.199 
4.277 
2.732 



Diff; 

♦1.027 
+0.295 
-5.591 
♦2.18? 
+3.118 
+0.987 
+4.911 
-0.574 



Table 18 

Cell Means and Differences 
for Average Fixation Duration and Percent of Total Time 
for Less Important Blocks of Graph #6 



Average Fixation Duration 



Percent Total Time 





Exp. 


Nov. 


Diff. 


Exp. 


Block 17 


.128 


.113 


+ .015 


2.443 


Block 29 


.163 


.191 


-.028 


2.189 


Block 39 


.235 


.240 


-.005 


4.233 


Block 61 


.690 


.095 


-.005 


0.574 


Block 63 


.141 


.159 


-.018 


2.072 


Block 64 


.150 


.130 


+ .020 


1.942 


Block 65 


.174 


.137 


+ .037 


3.000 


Block 66 


.136 


.274 


-.138 


1.601 


Block 72 


.207 


.159 


+ .048 


2.705 


Block 75 


.127 


.037 


+ .090 


1.412 



Nov. 

0.882 
3.950 
5.456 
1.523 
4.092 
1.169 
2.202 
5.016 
2.434 
0.169 



Diff. 

+1.561 
-1.761 
-1.223 
-0.949 
-2.020 
♦0.773 
+1.571 
-3.415 
+0.271 
♦1.243 
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